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One area that has received attention in the literature is sustainable production. This
research has focused upon modifying production processes to improve sustainability.
Semiconductor manufacturing has evolved into one of the most important industries in
the world. However, as a new industry, semiconductor manufacturing has had far less attention
in the sustainability literature as compared to more mature industries.
Amongst the sustainability frameworks and methodologies that have been developed to
measure the sustainability of an entity, waste is treated as an afterthought, not as the focus of the
research. The literature rarely considers waste management as a component of sustainable
manufacturing and those works that consider waste management as a component of sustainable
production do not put forth a framework for others to follow in developing sustainable waste
management.
The semiconductor industry is important, but semiconductor waste management is very
sparse in the literature. On those rare occasions when semiconductor waste is evaluated, the work
is very specific to a single product or process. To the best of this author’s knowledge, reported
research focused upon sustainable waste management in this industry is nonexistent. Similarly,

the literature does not include systemic approaches to waste management for the semiconductor
industry.
This research is about sustainable management of semiconductor industrial waste. A
sustainable industrial waste management framework is introduced in Chapter III: Sustainable
Industrial Waste Management (SIWM). This framework has six modules. Chapter IV provides
detailed descriptions of these six modules and their elements.
Chapter V uses two case studies from the semiconductor industry to illustrate the analysis
part of the framework. This kind of explicit demonstration of analysis is seldom provided in the
sustainability research literature.
The proposed SIWM framework has limitations and was targeted at the semiconductor
industry. Relaxing these limitations and consideration of other industries offer extensions for
further research. The SIWM framework is not proposed to replace current sustainability
frameworks/methodologies. This framework is not about measuring the static sustainable
performance of an entity; it is about encouraging and helping users to actively seek, prioritize,
and select opportunities and options for a more sustainable management of waste.
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CHAPTER I
INTRODUCTION
1.1

Background
For much of history, industrial waste management was simple. The following list exhibits

the historical model to waste management:
Collect the solid waste and burn it or dump it out of sight.
Pour liquid waste into the nearest hole, ditch or river.
Allow all noxious fumes and gases to pass directly to the atmosphere.
The legacy of this sort of industrial waste management included contaminated soil,
fouled water, noxious air, and the accompanying deterioration of the quality of life.
Technological advancement became synonymous with pollution.
As time passes, and as a society progresses, industrial waste management becomes more
sophisticated. In fact, there is a historical cycle that indicates a progression from a nontechnological society to a heavily polluting technological society, to a less polluting
technological society. This cycle could be observed in our world at many stages by examining
different cultures at different levels of technological and societal development. Currently in the
world you can still find places where the local waste management system is at any level of the
spectrum.
From elementary, non-managed waste handling there is an evolution that occurs. Because
of the combined drivers of regulatory demands, societal demands, worker demands, and
1

customer demands, firms have developed increasingly sophisticated waste handling practices. As
societies develop, their tolerance for pollution diminishes and these demands become higher. As
a result, there is a continuous need for evolution in waste handling practice. The increasingly
sophisticated waste handling demands require industrial waste management, planning, and
strategy to exhibit the same level of sophistication as all other areas of industrial management,
planning, and strategy. That is, firms must put as much thought and effort into disposing of
production waste as they put into supply chains, production, and finance.
Traditionally, as societies first venture into industrialization, they are unprepared for the
large increase in wastes. Usually waste infrastructure, regulation, and handling practices lag
technological development. The first emphasis is on maximizing production at any cost and then
later, after society has achieved some level of growth and prosperity, a demand for cleaner water,
land, and air arises.
The first steps toward modern waste management in the United States involved
regulatory compliance as society imposed rules upon manufacturers. These rules were imposed
at the federal level through laws such as the Clean Air Act, Solid Waste Act, Clean Water Act
and a host of others. At the state and local level, regulatory intervention came through local
administration of federal law, local regulations, and facility zoning and permitting.
With the advent of environmental legislation and the environmental movement, a debate
arose over the role and extent of the firm in pollution control. At one extreme, some feel that
firms had no responsibility, or minimal responsibility, for the environment and that the
government intervention impeded economic development. At the other extreme, some believe
that firms have an obligation to be stewards of the environment and lead the movement toward
zero environmental impact. In practice, most firms’ and individuals’ beliefs lie somewhere
2

between these two extremes. The government role and attitude on environmental regulation has
changed with the political climate. In large part, however, as time has progressed, attitudes and
expectations regarding proper waste management have evolved to the point where corporations
are expected to not be an obvious source of environmental contamination.
Traditionally, environmental responsibility has been seen as a cost center. Many in
industry and government have felt that increased environmental regulation was a drag upon
profitability and as such many have resisted increased environmental expenditure. This mindset
was aided by those who favored increased environmental regulation, whose arguments focused
upon pollution as an externality and felt that regulation was primarily a method to prevent cost
shifting from the polluter to society. As a result, both sides advanced the philosophy that
environmental responsibility is in opposition to profitability. The only difference between the
two sides was how the pollution versus profit balance should be struck.
At a simple level, there is truth to both positions. There are those who would pollute
freely if there were no penalties for doing so in order to maximize short term profit. There is no
doubt that in the absence of environmental regulation many horrors can occur. For example, the
Resource Conservation and Recovery Act (RCRA) which governs hazardous waste, was a direct
response to the Love Canal incident where an entire city had to be evacuated due to uncontrolled
toxic discharges. History is full of examples of unrestrained pollution in the absence of
regulation.
Similarly, there are those who would prevent any industrial activity in order to prevent
any environmental impact. This is readily observable on the local scale with many not-in-myback-yard (NIMBY) controversies. There are cases where the most ardent opponents of

3

environmental regulation become vocal opponents of industrial expansion when an electrical
power plant or factory makes plans to move in near their house or their children’s school.
In practice, the majority of society and industry have struggled to find a reasonable
compromise between the two extremes. However, over time industry has begun to realize that
profit versus pollution is a simplistic and inaccurate way to view the problem of managing
industrial waste. As Porter and Van der Linde point out in Green and Competitive: Ending the
Stalemate (1995), waste is simply a manifestation of a failure to maximize resource productivity.
Around the same time as the realization began to grow that responsible industrial waste
planning was a component of good production planning, the focus of many in the environmental
community began to expand beyond regulation to the concepts of pollution prevention and
sustainable development. A working definition of sustainable development is: "development that
meets the needs of the present without compromising the ability of future generations to meet
their own needs" (Brundtland, 1987).
Sustainable production is the practical implementation of sustainability in the
manufacturing environment. If we recognize that a fundamental aspect of business is the concept
of the business as a perpetual entity, then it is logical to suggest that corporate strategy must be
based upon the goal of ensuring the firms’ operations are sustainable. That is, sustainable
production seeks to ensure that a business can meet its needs in the present without
compromising the ability of the business or society to meet the needs of the future. Waste
management is a primary component of sustainable production management.
1.2

Evolution of Sustainable Production
Early industrial waste planning was primarily a collect and control process where the

focus was upon isolating and containing waste and then disposing of it in accordance with
4

regulations. This approach dominated industrial waste management in the United States well into
the 1990s. In many respects, the domination of collect and control was due to the issuance of a
large number of complex and comprehensive regulations in the 1970s and 1980s. These
regulations were in response to notorious environmental abuses committed prior to that time.
Concurrent to the passage of all of the regulation in the 1970s, some interest developed in
more systematic approaches to waste management. One of these approaches was Resource and
Environmental Profile Analysis (REPA) which later morphed into Life Cycle Assessment
(LCA). LCA has since become a major component of sustainable production planning. Later,
emphasis on recycling and reuse evolved into the Closed Loop Supply Chain (CLSC) and
Reverse Logistics (RL) approaches to waste management. Efforts to reduce resource usage as a
method of waste planning such as Pollution Prevention (P2) were yet another systematic
approach to improving environmental performance. All of these methods focused upon waste
reduction, resource usage minimization, and improved profitability. Together they naturally led
to the development of the more holistic approach known as sustainable production and they
remain key components of sustainable production planning.
Sustainable production combines the economic aspects of the sustainable business
enterprise with the environmental and social aspects of the sustainable business enterprise. A
simple example of sustainable production planning is the management of forests by a paper
company. The paper company requires a reliable source of affordable timber for the manufacture
of its products. A paper firm that depends upon clear-cutting one forest after another in search of
timber will quickly find that the price of timber rises beyond affordable levels. It will also find
that its supply chain for timber will grow large and unreliable. Finally, it will incur wrath from
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the public that can prevent acquisition of needed timber. This approach would be unsustainable,
and the timber firm would be out of business.
An alternative approach, used by many paper firms, is to foster sustainable production
through active management of forests dedicated to supplying a steady source of timber at
controlled prices. This method requires planning but is ultimately more profitable and better for
the environment.
1.3

Motivation
Sustainable production was a nascent field of study in the early 2000s. Sustainable

production planning requires the synthesis of several areas of environmental planning such as
Life Cycle Assessment, Reverse Logistics, and Pollution Prevention. In addition, sustainable
production requires the development or extension of new tools and approaches such as
sustainable production indicators and sustainable production frameworks.
There are many areas in the existing sustainable production literature that require further
consideration. There are also many industries that have not been addressed in the current
sustainable production literature. One aspect of sustainability that receives inadequate treatment
in the current literature is that most waste planning models fail to address the issue of burden
shifting. That is, a common waste handling scenario is to move a pollutant from one media, such
as air, into another media such as water. Sustainable waste planning must consider both the level
of pollutant and the impact of the pollutant to all areas outside the technical system. Another area
that has received inadequate attention in the literature is the role of waste treatment technology in
sustainable production. Finally, the dominant protocols for evaluating environmental
performance have largely evolved independently and the area of hybrid planning that uses more
than one method to make decisions has a lot of room for exploration. Of particular interest is the
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fact that Pollution Prevention Planning’s scope was developed by the U.S. EPA before the more
recent developments in Life Cycle Analysis, Closed Loop Supply Chain, and Reverse Logistics.
An exploration of expanding Pollution Prevention’s scope to include recycling, reuse, and
treatment offers a lot of potential and using Pollution Prevention in a hybrid approach with other
methods has been suggested as an extension in the literature (Freeman et. al. 1992, Angell &
Klassen 1999). Waste management is part of sustainable production management. This research
will address the waste management in semiconductor industry.
1.4

Strategic Waste Management Planning
At the most basic level, industrial waste management must facilitate removing wastes

that would interfere with production and doing this in a way that complies with regulations.
These tasks meet fundamental business objectives of being able to continue to produce without
an interruption to operations.
In addition to disposal of waste in compliance with the law, there is the constant goal of
performing tasks in the most cost-effective way possible and these considerations are also an
important part of waste management planning objectives.
Beyond these very basic objectives, firms have increasingly chosen to use waste planning
to achieve larger corporate strategy goals. For example, many firms have committed to reducing
the discharge of global warming gases (GWG). If this is a target of the firm’s larger strategy,
then the environmental planner must prioritize GWG reduction in her own plan. Similarly, the
waste management plan must reflect larger corporate objectives or promises by targeting these
areas which could include water usage reduction, preventing odors from reaching neighbors,
prevention of visual pollution indicators, and prevention of safety risks to the community. These
objectives may well be more important to the firm’s strategy than simply reducing the quantity
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of waste or the cost of waste disposal. The key point is that a systematic approach to waste
management must have concrete goals and objectives and priorities that are aligned with the
firm’s strategic plan and vision.
1.5

Waste Treatment as a Process Component
Many times waste treatment and prevention are considered as an afterthought or add on

that is independent of the rest of the production process. This is harmful in a number of ways.
First, the firm has an absolute responsibility to produce product in a fashion that does not harm
society. Cost shifting of waste from the firm to society is non-sustainable as it will eventually
lead to fines, shutdown, or damage of the firm’s reputation. Since a firm is required to treat, or
contain and dispose of waste, it becomes necessary to recognize that the function of the waste
handling process can be a bottleneck to production if handled incorrectly. For example, if a
machine cannot run without waste treatment, then the failure of the wastewater treatment device
shuts down the machine.
In addition, failure to manage waste treatment as a process step will almost certainly
result in poor cost-to-benefit performance. The recognition that waste treatment is another
process step will enable this area to run with the same productivity as the rest of the facility and
facilitate achievement of the larger business goals.
One interesting aspect of existing research on sustainable production is the absence of
consideration given to the treatment and disposition of waste. Typically, the discharge from the
production process is assumed to all go directly to waste with no consideration given to the
possibility that the waste could be mitigated. As a corollary to this, little consideration is given to
differences in waste treatment efficiency, or the impact of the waste. For example, it may be
possible for a given waste stream to ultimately manifest as a solid, or a liquid, or a gas. Each of
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these has different consequences and costs. For any given waste and set of conditions, one of
these forms may be significantly better or worse.
Consideration has been given to reducing the actual waste through recycling, reuse, or
source reduction. However, these methods impact the input to the system and the interior of the
system. That is, these methods address the magnitude and timing of the discharge from the
process. They do not address the treatment and mitigation of the waste. The actual environmental
cost of the activity must include any waste treatment that occurs prior to the waste crossing the
system boundary to the environment. In addition, it is important to consider the form in which
the waste enters the environment with respect to being a solid, liquid, or gas. Also, consideration
must be given to the relative toxicity of the waste as well as to the quantity of waste and the
ability of the ecosystem to absorb a particular quantity and waste in a particular form. For
example, an area in which water was very scarce may be much less tolerant of water pollution
than an area in which water is abundant. Similarly, a large city may be far less tolerant of air
pollution than a remote area that has less pre-existing air pollution.
One aspect of the waste treatment industry is that it is a specialized field with a limited
number of professionals. As a result, it is not well understood outside the field and this has
limited the treatment of this discipline in the literature. This is most true when the literature in
question is not specifically focused upon waste treatment. As a result, waste treatment results are
often inferred or assumed or even neglected in the sustainability literature.
The consequences of failing to consider variations in waste handling methods are serious.
This failure will misrepresent the true system outflows. For example, a waste might be
characterized as gaseous waste when it is actually a liquid waste. In addition, the magnitude and
composition of waste components will almost certainly be incorrect if the waste handling
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equipment characteristics are not taken into consideration. Finally, the choice of waste handling
equipment is a major waste management planning variable and failure to include the waste
handling equipment blinds the planner to a major array of potential decisions.
This failure to consider alternatives and performance of waste handling equipment
extends to the sustainability literature on all manufacturing areas and is even more pronounced
for the semiconductor industry.
1.6

Semiconductor Industry
The planning framework and implementation methods used in this research can be

applied to any industry and a wide variety of industrial processes. However, the case studies will
focus upon the semiconductor industry for two reasons:
•

This industry is inadequately treated in the existing literature.

•

The author has worked closely with this industry and is familiar with its processes

and environmental problems.
The semiconductor industry was formed around 1960. This industry has experienced
rapid growth and has until recently been geographically concentrated in a few areas. In addition,
this industry has a culture that prizes secrecy. These factors have combined to limit
environmental research on this industry. Few life-cycle-analysis (LCA) case studies on this
industry exist and to the best of the author’s knowledge, semiconductor manufacturing is not
addressed in the literature of sustainable production. As Plepys (2004) indicates, since most of
the LCA studies lack information to include semiconductor chemical-related processes into their
system boundaries, the environmental issues of semiconductor processes and materials are not
well understood.
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The difficulty of researching environmental performance of the semiconductor industry is
of high concern because this industry is a major economic force in the present day. In addition,
the wastes generated by this industry can be very damaging to the environment.
Figure 1.1 demonstrates the growing importance of the semiconductor industry as a
component of the United States economy. It is clear that any serious discussion of manufacturing
in the United States must consider this industry regardless of the difficulty in doing so.

Figure 1.1

Comparison of 2002 U.S. Industry Shipments

Retrieved from Industry Economic Accounts Directorate, Bureau of Economic Analysis (BEA),
U.S. Department of Commerce (n.d.)
The above statistics are taken from the statistics prepared by the Industry Economic
Accounts Directorate, Bureau of Economic Analysis (BEA), U.S. Department of Commerce
(n.d.).
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The semiconductor industry is a dynamic industry. The average growth rate of the
semiconductor manufacturing sector was about 15% per year. The annual global revenues of the
sector have passed $200 billion since 2004. The World Semiconductor Trade Statistics (WSTS)
forecasts the semiconductor market will reach above $313 billion US dollar in 2011 [World
Semiconductor Trade Statistics, http://www.wsts.org/]
The rapid growth of the semiconductor industry differentiates it from other
manufacturing industries. This growth includes both technology and number of facilities around
the world. Semiconductor manufacturing production requires ultra-clean processes. Purified
water, bulk gases, raw material and energy are consumed during these processes.
In addition to the rapid growth, innovation is another aspect of the semiconductor
industry. In order to maintain technological and competitive advancement, firms change their
operations frequently. The processes usually spend limited time in the "research and
development" stage before jumping into the mass manufacturing stage.
On the surface, this advancement produces better products that can raise quality of living
standards; however, the lifespan of high-tech products is getting shorter, and this growth requires
newer materials whose environmental cost may not be clearly understood at the time.
1.7

Theory Base for Research
The primary theoretical underpinning of this research is that firms’ objectives in waste

management planning should not end at complying with regulatory requirements at the minimum
cost. Of course, this research assumes that one objective of any waste management plan is
regulatory compliance, but in addition, this research presumes that a modern waste management
plan will have a number of goals including regulatory compliance, streamlining waste logistics,
reducing costs, and improving environmental performance. Ultimately, the successful plan will
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be subject to individual firms’ corporate goals and financial situation, but this research maintains
that the efficient frontier for achieving the previously stated objectives is best reached through
sustainable production. As a result, the theory base for this research is the theory base of
sustainable production as applied to waste management and those methods used to maximize
sustainability including life cycle assessment, pollution prevention, and collect and control.
Sustainable production should include all aspects of a firm's operation. This research
focuses upon those aspects of sustainable production directly tied to the quantity and quality of
waste discharged by the firm. In order to measure performance, a complete approach must be
used that considers quantity of waste, quality of waste, and cost of waste. In this way
sustainability is increased as these factors directly address the triple bottom line which is
economics, environment, and social impact.
The existing work to date on sustainable production and life cycle assessment focuses
very much on modification of feed material and process equipment. The disposition of waste
materials is not addressed well at all and this area offers a great opportunity for impact.
Disposition of waste encompasses many areas, including the choice of waste treatment, the
efficiency and reliability of the treatment, and trade-offs between pollution type (air, water,
solid).
1.8

Problem Statements
The literature does not contain a systematic approach (framework) for sustainable waste

management in the semiconductor industry. Existing sustainable production waste planning
research does not consider the waste treatment systems as part of the process.
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1.9

Research Objectives
The objective of this research is to accomplish the following tasks:
1.

Development of a systematic approach to continuous improvement of

semiconductor waste management targeted at sustainable production.
2.

Apply the systematic approach on semiconductor industry to evaluate the choices

for sustainable production.
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CHAPTER II
REVIEW OF LITERATURE
The literature of waste management planning was at one time exclusively the literature of
regulatory compliance and waste handling logistics. However, social, economic, and regulatory
forces have combined to make waste management a key component of sustainable
manufacturing and so the literature of the field of waste management now includes the literature
of sustainability; pollution prevention; closed-loop supply chains; reverse supply chains; and life
cycle analysis. Increased environmental awareness and stricter environmental regulations on
waste management have driven companies to re-evaluate their products’ life cycle and disposal
management. This has fueled an increase in research that has resulted in an array of different
approaches to waste management from optimizing usage of resources, reducing wastes produced
during production, to reducing end-of-life products accumulation.
In the past, the waste management methods utilized by firms were primarily containment
and compliance focused and emphasized record-keeping and end-of-pipe solutions to handle
physical wastes. As experience, knowledge, and technology improved, firms progressed to the
reuse, recycling, and sale of wastes to third parties in order to lower waste disposal costs and
decrease waste volume.
The major objectives of modern waste management were historically cost minimization
and regulatory compliance. However, today the objectives also include: (1) reducing usage of
raw materials at the source by choosing alternate materials for the processes, equipment, and
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techniques, (2) recovering useful materials from wastes for reuse or recycling and (3) minimizing
quantity and harmfulness of wastes. (Saminathan et al., 1993; Wise and Trantolo, 1994).
Throughout the history of waste management, there have been three groups or
generations of management methods or actions. First is the defensive recording action, second is
the prevention action, and third is the proactive action.
Prior to the 1960s, industrial waste management primarily involved the collection and
disposal of solid waste and liquid effluent. The 1970s were dominated by government efforts to
regulate environmental compliance and business’ efforts to comply with these new regulations.
In this era the primary waste management research issues revolved around facility location and
transportation. However, the 1970’s also saw the emergence of research into environmental
planning at a level beyond simply complying with regulations and managing the collection and
disposal of waste. It is certainly necessary for the waste management planner to have a firm
understanding of all environmental, health, and safety regulations. However, it is the research
efforts at increasing sustainability and research into methods to quantify environmental impact
and improve environmental responsibility that form the body of the relevant literature for waste
management planning in the 21st century. It is this latter body of work that is most relevant to
this research.
2.1
2.1.1

Examples of Methods
Contain and Record Methods
In the work Alternative Approaches to Pollution Control and Waste Management:

Regulatory and Economic Instruments, Bernstein (1993) provides a detailed summary of the
traditional approach to environmental compliance. This work describes an array of regulatory,
tax, fee, and fine-based approaches to enforcing environmental compliance. These efforts,
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though accomplished with variations from jurisdiction to jurisdiction, essentially were based
upon government fiat and strong regulatory enforcement agencies.
A higher level of government intervention seeks to examine effects and prevent damage
such as regulation requiring environmental impact assessment (EIA) before major public works
projects are begun or factories are built. In 1969, EIA was made legislation in the US in the
National Environmental Policy Act (NEPA). Since its development, it has evolved from a
decision making tool to a decision aiding tool. It studies the potential environmental impact of
proposed projects on economic, environmental and social aspects. Because of the high amount of
documents and records, firms may delegate specific resources or outsource these responsibilities
to firms which specified on it.
In the United States, the primary agency responsible for promulgating and enforcing
environmental compliance is the United States Environmental Protection Agency (EPA). The
primary laws are contained in the Clean Water Act, the Safe Drinking Water Act, the Solid
Waste Disposal Act, the Clean Air Act, Superfund (CERCLA/SARA), and Resource
Conservation and Recovery Act (RCRA), Toxic Substances Control Act (TSCA), Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) and the Right to Know Act (RTK). A
discussion of these regulations can find in another section of this research.
Government imposed control is one of two drivers for contain and record methods. The
other driver for contain and record methods is industry recordkeeping and standardization
requirements such as those offered by the International Organization for Standardization (ISO)
which develops internationally recognized standards in many areas. These standards are useful
for firms to qualify products manufactured by outsiders, especially those manufactured in other
countries and for firms which have facilities in different countries to communicate for audit,
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certification and compliance purposes. ISO 14000 is a family of international standards that was
established in 1996 for Environmental Management Systems (EMS). Its major goal is to improve
environmental performance. ISO 14000 is based on the Deming model of management: plan-docheck-act. Within the 14000 family, ISO 14001 is the defining specification for an EMS. It
incorporates the plan-do-check-act cycle into its five phases: (1) organizational structure policy,
(2) planning, (3) implementation and operation, (4) checking and corrective actions, and (5)
management review.
Firms implementing EMS have to prepare several layers of documents including
environmental management manual, procedures, operational instructions, documents and
records. In order to manage this high amount of documents and records, firms also need to
develop specific document controls for them.
The traditional “end-of-pipe” method works because “after” the wastes are generated
firms know exactly the quantity and characteristics of these wastes, and consequently know
which methods to use to treat or dispose of such wastes. However, as time passed, the public
became increasingly concerned with landfilling and incinerating waste and stronger pressure was
brought to bear on government and industry. As a result, the scope of industrial waste
management expanded to include reuse and recycling. In addition to public pressure, regulatory
and economic drivers increased the incentive to advance reuse, reclaim, and recycling efforts.
Early efforts at recycling and reclaim have blossomed into the closed-loop and reverse supply
chain areas of the sustainability literature.
The toxicity and negative environmental and ecology potential impacts are also driving
forces behind research on recovery and reclamation of certain materials. For example, arsenic is
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commonly used in semiconductor processes and it is the by-product of fossil fuel combustion.
More importantly, it is associated with bladder, skin and kidney cancer.
Gallium arsenide (GaAs) based components are common in electronic devices across
various applications. In addition to their toxicity and versatile characteristics, gallium and arsenic
are also scarce materials. All these characteristics make gallium and arsenic the focus of material
reclamation, as well as recycling research. During the fabrication of the GaAs-based electronic
components, huge amounts of waste are generated, and toxic metal arsenic and valuable metal
gallium are among other substances in the waste streams from production. Technical aspects on
recovery process of gallium and arsenic have been discussed by many research teams. Sturgill et
al. (Sturgill, Swartzbaugh, and Randall, 2000) developed a low-cost recovery process to extract
arsenic and gallium from the gallium arsenide polishing waste generated in the semiconductor
industry. From an environmental safety point of view, Izumi (2004) discusses the recycling of
gallium and arsenic from semiconductor process waste streams, and he also addresses other
environmental safety issues regarding the toxic material usage and toxic wastes generation from
semiconductor facilities (Izumi, 2004). Such recovery of toxic metal arsenic from a waste stream
can minimize the associated cost related to the disposal of it and it can also minimize any
potential negative environmental impact that could be caused by its disposal.
2.1.2

Sustainability
Many people feel that Silent Spring, written by marine biologist Rachel Carson in 1962,

is considered the beginning of Sustainability because this book was the first publication that
introduced the interconnections between the three domains: economy, environment, and society,
the principal of sustainability. This book focused attention on the environment and was a
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predecessor to organized environmentalism, government intervention, and corporate efforts
toward environmental management.
Sustainability is a concept in the mainstream today; it is a systematic approach that
emphasizes reducing the usage of resources. Further, it seeks to do this while minimizing
negative socioeconomic effects. The United States Environmental Protection Agency (EPA)
defines sustainability thus: Sustainability means “meeting the needs of the present without
compromising the ability of future generations to meet their own needs.” One key element of
sustainability is profitability, while another key component of sustainability is environmentally
responsible management. A large amount of research has focused upon demonstrating that the
twin pillars of profitability and environmental responsibility are congruent as opposed to the old
view of incongruent (Porter and van der Linde, 1995) that environmental regulations are
inherently unprofitable and profitable enterprises are inherently environmentally unfriendly. In
fact, the raising of environmental awareness by the public, in conjunction with stricter
environmental regulations imposed by governments, has pushed firms to search for new
technologies, product designs and innovative solutions. It is clear that responsible environmental
management and profitability are not incompatible; these innovations, designs, and the resulting
commerce have created enormous opportunity for business (Krikke, Bloemhof-Ruwaard, and
Van Wassenhove, 2003)
Sustainability is a systematic approach - success in producing sustainable products, like
any other products, relies on the management of the products’ supply chain. Waste management
logistic networks have shifted from cost-minimization to cost-and-environmental impact
minimization; that is, the networks need to balance the profitability and environmental impact
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(Neto et al. 2009). Firms’ environment management also includes a strong linkage to both
corporate and functional strategies (Klassen and McLaughlin, 1996).
In the research entitled Designing and Evaluating Sustainable Logistics Networks (2008),
Neto et al., develop a framework for the design and evaluation of sustainable logistic networks,
with the goal of balancing profitability and environmental impact. The authors review the key
factors impacting environmental performance and cost efficiency in logistic networks. The
researchers demonstrate advantages of using multi-objective programming (MOP) in the
development of sustainable networks and discuss the computational complexity of using the
MOP approach to design sustainable networks. The authors make the important observation that
recycling and maximization of ecological efficiency are not necessarily the same. They also
make heavy use of Pareto optimality analysis in their work.
2.1.3

Reverse Logistics and Closed Loop Supply Chain
Key elements of the “sustainable product” concept include resource usage reduction and

the reduction of products’ end-of-life waste accumulation. In order to do so, firms need to
reclaim used products, whole products or just some components of them, from customers and
distributors. These returned materials are sorted out based on their values, functionality or other
criteria. This routing of used products from customers is a reverse logistics network that must be
added to the original forward logistics network. Reuse of products or components has been
employed by various industries; for example, soft drink bottles and printer cartridges are
collected by their manufacturers for reuse. A lot of research has been done on reverse logistics
(Dekker et al. 2004). The quantitative models for reverse logistics are surveyed by Fleischmann
et al. (1997).
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Along these same lines, in the research entitled The Impact of Environmental
Management on Firm Performance (1996) Klassen and McLaughlin present a theory, which
proposes that environmental management is linked interactively to both operational and
functional strategies. They posit that under efficient market theory, if environmental performance
is coupled to the firm’s valuation, then the firm’s share price will reflect environmental
performance. The researchers develop a model that assumes an efficient market. The model
incorporates controls to compensate for external events. The model is used to compare
significant positive environmental performance and significant negative environmental
performance against market returns.
Klassen and McLaughlin (1996) determine that environmental performance is reflected in
share prices. The researchers demonstrate a strong link between environmental performance and
financial performance. The authors determine that reductions of hazardous emissions are
particularly significant to the value of the firm. The authors state that the observed link between
environmental performance and firm valuation is due to the fact that environmental strategy is
part of overall corporate strategy. Specifically, environmental strategy is a significant component
of functional and operational strategy. Thus, environmental strategy affects both structural and
infrastructural components as it involves choices of products and process technology and
underlying management systems. Therefore, the link between environmental strategy and
financial performance is no more surprising than the link between any other corporate strategy
and financial performance.
In A methodology for Assessing Eco-efficiency in logistics networks (2009) Neto et al.,
offer a visual exploration of the efficient frontier and the trade-offs between profitability and
environmental impacts based on Pareto optimality to explore the best alternatives. The objective
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of the model is to optimize economic and environmental goals to answer two questions about
sustainable logistics: (1) how do we spot the preferred solution(s) balancing environmental and
business concerns, and (2) how do we improve the understanding of the trade-offs between these
two dimensions. This paper proposed a two-phased heuristic algorithm that is designed to project
the efficient frontier for the multi-objective linear problem with three objectives: (1) minimize
costs, (2) minimize cumulative energy demand, and (3) minimize wastes in a reverse logistics
network. The proposed model provides decision makers with (1) an easy tool for selecting the
preferred solution regarding business and environmental indicators; (2) the trade-offs between
waste ending in landfills and Cumulative Energy Demand (CED) for supply chains with the
same costs; (3) tool to calculate the costs for reducing CED and land-fill waste, for different
levels of the environmental indicators.
Georgiadis and Vlachos (2004) examine the impact of environmental issues on long-term
behavior of a single product supply chain with product recovery. The researchers assert that
economic and environmental issues are the main driving forces for the development of closedloop supply chains. The authors present a model based on the principles of the system dynamics
(SD) methodology that includes all major inventories of new, used, and recovered products and
the flows among them. The dynamic model provides an experimental simulation tool, which can
be used to evaluate the effect of environmental issues on long-term decision making in collection
and remanufacturing activities and on product demand.
Alumur and Kara (2007) present a multi-objective hazardous waste location-routing
model. The model is designed to answer the questions of where to open treatment and disposal
centers, which technologies to employ, how to route different types of hazardous waste for
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treatment and how to route waste for disposal. The authors present a large scale implementation
of this model in the Central Anatolian region of Turkey.
Jacobs and Warmerdam (1994) model the hazardous waste location-routing problem as a
continuous network flow problem that determines the routing strategy while minimizing the
combination of cost and risk in time. The authors define risk as the probability of an accident that
causes a release during the transportation, storage or disposal of the waste.
One of the keys to understanding and planning environmental policy is to appreciate the
goals and regulations regarding pollution prevention. Eighmy and Kosson give an overview on
these concepts in U.S.A. National Overview on Waste Management (1996). The authors explain
the 1990 Pollution Prevention Act passed by the U.S. government. The text of the act provides
language encouraging “pollution prevention”, recycling, treatment, and disposal as a hierarchy
for management. At this time, “pollution prevention” is defined as source reduction (waste
minimization via input substitution, product reformulation, production process redesign or
modernization) and in-process recycling.
Thierry et al. (1995) introduce a hierarchy of practices designed to recover as much of the
economic and ecological value as reasonably possible such that it reduces the ultimate quantities
of waste. The method is called Product Recovery Management (PRM). Five product recovery
options were first introduced by this article: (1) repair, (2) refurbish, (3) remanufacture, (4)
cannibalize, and (5) recycle. The selection of the appropriate option is based on technical
feasibility, supply of used products and components, demand for reprocessed products or
materials, and economic and environmental cost and benefits. Thierry et al. (1995) list required
the following information for developing a working supply chain for product recovery:
•

Information on product composition
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•

Information on the size and uncertainty of return flows

•

Information on potential markets for return products

•

Information on the operations of product recovery and waste management.

The authors explore issues and what has been learned from actual practice. Important
observations by PRM manufacturers covered in the article included the following:
•

There are problems acquiring accurate information.

•

Setting of measurable objectives is a necessary condition in establishing effective
PRM.

•

Most PRM cases require redesign of products and or components and may be
redesigned more than once after the first redesigned products have been taken back.

•

PRM generally requires cooperation for manufacturers with other organizations in the
business chain.

•

PRM may offer cooperation opportunities between companies that operated in the
same market.

•

Six abilities are necessary to successfully integrate PRM in existing systems:
1. Acquire information,
2. Cooperate with other companies,
3. Redesign products and processes if necessary,
4. Accurately predict and control supply of used products,
5. Generate demand for reprocessed products,
6. Control PRM production processes such that the remanufactured product’s quality
is as good as a new one.
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One key point of this work is that strategic changes may be required to deal with PRM.
Production control systems for remanufacturing must be able to deal with fundamental
uncertainties in quantities and the timing and quality of used products. In addition, there is a need
to increase the ability to forecast/control of distribution, magnitude and timing, and the quality of
the return flows of used products.
The proliferation of research on reverse supply chains and closed-loop supply chains
occurred because the world awoke to the need for responsible environmental management and
sustainable supply chains. In fact, closed-loop and reverse supply chain research is rooted in the
desire to behave in a more environmentally responsible fashion. Wells and Seitz (2005) present a
concise review of closed-loop supply chains in Business Models and Closed loop Supply Chains:
a Typology and discuss four different types of closed-loop supply chains: (1) internal, (2) postbusiness, (3) post-consumer, and (4) post-society. Wells and Seitz (2005) state that closed-loop
planning can achieve “triple bottom line” benefits. That is, closed-loop planning results in social,
business, and environmental benefits.
In a very early article on the topic of closed-loop and reverse supply chains, Quantitative
Models for Reverse Logistics: A Review (Fleischmann et al., 1997) discuss the use of closedloop and reverse supply chains in product recovery. The authors divide the field into three main
areas including distribution planning, inventory control, and production planning. They discuss
the implications of reuse, review the mathematical models proposed in the literature, and discuss
directions for needed research.
Fleischmann et al. (1997) state that there are two motivations to reuse a product: (1)
economical, i.e., the need to capture the value-added components and extend their life-cycle and
to recover the value that is still incorporated in a used product and (2) ecological, i.e., the goal of
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alleviating the depletion of landfill space and the goal of reducing the load on incinerators. Reuse
occurs in a large diversity of forms and not all reuse activities necessarily require new planning
approaches. The authors observe that traditional methods from the fields of distribution planning,
inventory control, and production planning can readily be applied to a number of planning
problems, but not all reuse activities can be handled through traditional methods. In addition, the
interaction of the new reverse material flows and the traditional forward flows adds complexity
to the systems involved. One key point is that uncertainty in systems involved in reuse increases
because used products are far less homogeneous and standardized than traditional raw materials
and new parts.
Guide, Harrison, and Van Wassenhove (2003) discuss the challenges and motivations for
implementing closed-loop supply chains. The motivations of closed-loop and reverse supply
chains are straightforward: there is a potential increase in profitability and there is a potential
increase in environment performance. The authors believe that the profitability factor is more
important in the United States while environmental performance is increasingly significant in the
European Union. The authors state that the closed-loop supply chain may not always be an
economical solution under a base scenario and regulatory intervention may be required in order
to drive firms to a more responsible closed loop solution.
Guide and Van Wassenhove (2006) discuss the three activities characteristic of every
reverse supply chain design:
•

Product Returns Management (PRM),

•

Remanufacturing Operational Issues,

•

Remanufactured Products Market Development.
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Guide and Van Wassenhove (2006) offer a formal definition of closed-loop supply chain
management as the design, control and operation of a system to maximize value creation over the
life-cycle of a product with dynamic recovery of value from different types and volumes of
returns over time. The authors explain that product recovery management focuses on the timing,
quantity, and quality of returned products.
Finally, efficient implementation of closed-loop supply chains is the research subject
explained by Fleischmann et al. in The Impact of Product Recovery on Logistics Network
Design (2001). In this work, it is explained that implementing a closed supply chain in an
efficient manner requires designing logistics structures to handle the rising flows of recovered
and used products. Fleischmann and fellow researchers consider logistics network design
utilizing a reverse logistics concept. A generic facility model is presented and contrasted with
traditional logistics arrangements and settings are discussed. In this model the impact of product
return flows on logistics networks is analyzed. The authors determine that the success of reverse
logistics design implementation is very dependent upon conditions in the supply chain. These
researchers conclude, as have many others on this topic, that it is often necessary to revisit the
logistics network design and integrate reverse supply chain features into the system at a low
level.
2.1.4

Life Cycle Assessment
Life cycle assessment (often abbreviated as LCA or alternately referred to as life cycle

analysis) is an investigation and evaluation of the environmental impact of a given product
throughout its lifespan: production, usage and disposal. Life cycle assessment is often referred to
as cradle-to-grave analysis. The principle behind LCA is that every material product will
eventually become a waste. LCA methodology evaluates the environmental consequences of a
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target product or service holistically by quantifying the energy and materials flow and the wastes
released to environment that result from the activities associated with this target. An LCA is the
creation of a model that quantifies the inputs and outputs of processes which occur during the life
cycle of a product. That is, LCA is a method for quantifying the environmental footprint of a
process (Kniel, Delmarco, and Petric, 1996). LCA has a wide variety of applications; especially
in comparing products, services and manufacturing methods for a particular product. LCA is
considered the best tool for evaluating waste minimization or process optimization strategies
from a global perspective (Blowers, and Titus, 2004).
The term life cycle assessment was actually not used until 1990. Prior to that time the
term used for the process that would become LCA was Resource and Environmental Profile
Analysis (REPA) (Hunt and Franklin, 1996).
The history of LCA can be dated back to the 1960’s when Harold Smith reported his
calculation of the quantity of cumulative energy requirements for the production of chemical
intermediates and products at the World Energy Conference (Smith, 1969).
Perhaps the first multi-criteria application of REPA/LCA was a study done by the Coca
Cola Company in 1969. Reference to this work in literature is ubiquitous; however, there is no
actual publication of the results due to the fact that Coca Cola considered the work to be
proprietary. Perhaps the best synopsis of the work is given by Hunt and Franklin (1996) as the
authors of this work were among the researchers in the original Coca Cola study when they
worked at Midwest Research Institute (MRI). Hunt and Franklin have subsequently described
some elements of this work as an addition to the early body of study they did in this area. The
analytical scheme for the Coca Cola research was devised by Harry E. Teasley Jr., then the
manager of the bottling operation for Coca Cola (later CEO of Coca Cola). At the time of the
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idea’s inception, Coca Cola was considering manufacturing its own bottles and cans and all
aspects of the problem were investigated. One of the aspects under consideration was the use of
plastic containers in lieu of refillable glass bottles. At the time glass bottles dominated beverage
containers and the use of plastic containers was revolutionary. However, the utilization of plastic
containers was a concern as Coca Cola feared that they might be viewed as environmentally
irresponsible.
An innovative aspect of Teasley’s idea was that energy and materials were
interchangeable from an environmental perspective. For example, he recognized that the
hydrocarbons used to formulate the plastic bottles could be interchanged with the hydrocarbons
used to heat raw materials for glass bottle manufacturing. Teasley recognized the complexity of
the study he wanted to undertake and commissioned Midwest Research Institute (MRI) to
perform the analysis (Hunt and Franklin worked for MRI on this project). The only public
information at the time of the study was a reference in the April 9, 1976 issue of Science to the
work. However, the results of the study were groundbreaking in that the REPA (LCA) revealed
that the environmental impact of the plastic bottles was less than that of the refillable glass
bottles. One important result of this work was a call for greater standardization of methods for
REPA/LCA.
Franklin and Hunt (1972) also reported on another early and significant REPA/LCA that
was commissioned by Mobil Chemical Company. MRI was again asked to perform a study of
Styrofoam meat packaging material particularly with respect to a comparison against pulp paper
meat packaging material. Mobil fully expected the Styrofoam material to be deficient when
compared against the pulp product, but the results from the REPA/LCA indicated that the
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Styrofoam was actually more environmentally friendly than the pulp product when all aspects of
manufacture, use, and disposal were considered.
The entry of LCA into the public, peer reviewed, arena came in 1972 when EPA
commissioned one of the most significant REPA/LCA studies. The study was initiated by Arsen
Darney who had left MRI and joined EPA as a Deputy Administrator for Solid Waste. This was
part of a significant solid waste regulatory effort on packaging materials, and beverage
containers were chosen for the initial study. The EPA study was aimed at comparing refillable
glass packaging for beer and soda against disposable paper, plastic and metal containers for these
beverages. EPA wanted to validate the use of taxes or other financial incentives to slow the rapid
transition from refillable containers to disposable containers.
This study was the most comprehensive REPA/LCA done by EPA to date as it involved
over 40 materials and covered paper, aluminum, steel, glass, and plastic containers and all of the
suppliers to those industries. There was intense scrutiny of this report by the industries involved,
by government agencies, and by private environmental organizations. Extensive databases were
developed and distributed for review and cross examination by all interested parties. After
significant peer review of the data, procedures, calculations, and conclusions, the final report was
published as "Resource and Environmental Profile Analysis of Nine Beverage Container
Alternatives" (Hunt et al., 1974).
The conclusions of this report, again, surprised many people – including EPA – in that
the expectation that refillable containers would be more environmentally friendly was proved
incorrect (as further validation of the Coca Cola study). The friendliest can was determined to be
a steel can due to the low energy requirements in its manufacturing. In addition, the steel can
manufacture process and disposal produced very little water pollution.
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This research also included the utilization of numerical equivalency factors developed for
the Coca Cola research that is very similar to methods proposed for use today.
After the initial work on REPA/LCA during the early 1970s to mid-1970s, the method
fell into disfavor as research proceeded in other areas. One reason for this drop off in research on
REPA/LCA was the computational complexity of these studies and the lack of computing
resources (such as the ability to parse large material and energy usage databases) at the time
(Hunt R. and W. Franklin, 1996). REPA/LCA would re-emerge as a major technique in the
1990s.
With the resurgence of LCA in the 1990s there were many entities conducting life cycle
assessments. Frequently the results of these studies were used to support products or policy
positions and often the results of the work reflected the interest of the group sponsoring or
conducting the research. In addition, even the unbiased work at the time was often done with
highly disparate methodology. Because of these factors it was not uncommon to have separate
LCAs produce contradictory results. Because of the contradictory and perhaps biased nature of
LCA results, a significant portion of the research through the 1990s focused upon standardization
of preparation of LCAs and interpretation of LCA results. Major work was accomplished under
the auspices of the US EPA, Society of Environmental Toxicity and Chemistry (SETAC), and
the International Standards Organization (ISO).
The US EPA launched a major program to foster neutral, scientifically oriented,
consensus-based guidelines on the conduct of life cycle assessment. The EPA initiated a multioffice project to achieve this goal. The group included the Office of Research and Development,
the Office of Solid Waste, the Office of Air Quality Planning and Standards, and the Office of
Pollution Prevention and Toxics. The resulting study, “Life Cycle Assessment: Inventory
32

Guidelines and Principles” (Vigon et al., 1993) provides guidance on specific details required in
the conduct of life cycle studies.
This study was heavily peer reviewed before publication by a broad spectrum audience
including government, academic, industry, and private sector environmental groups. The work
describes three components of a life-cycle assessment: inventory analysis, impact analysis, and
improvement analysis. The work also discusses scoping activities and the development of the
life-cycle assessment process, and develops guidelines and principles for implementation of a
product life-cycle assessment.
In this report the authors state that the major stages in the life cycle include:
•

Raw material acquisition,

•

Manufacturing,

•

Consumer use, reuse and maintenance,

•

Recycling and waste management.

The work describes the steps of performing a life-cycle inventory including the clear
statement of project goals scope definition, gathering and developing data, reviewing and
presenting data, and it includes a significant discussion of system boundary definition. This work
also addresses the interpretation and communication of LCA study results.
SETAC was one of the earliest re-developers of LCA methodology and has remained a
key player in the development of the art. Through a bimonthly publication, SETAC LCA
Newsletter, an open forum on this topic is maintained. In Guidelines for Life Cycle Assessment:
A ‘Code of Practice’, Consoli et al, (1993) present the SETAC Code of Practice that outlines the
methods, principles, and general practices advocated by SETAC for the preparation and use of
LCA findings.
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The main stages of the LCA, as set forth in the SETAC Code of Practice, are:
1) Goal definition and scoping, where the boundaries of the system are defined.
2) Inventory of materials and energy use and of emissions and solid waste, known
collectively as “burdens”.
3) Impact assessment, comprising:
a) Classification, in which the burdens are aggregated into a smaller number of
environmental impacts;
b) Characterization, where the potential environmental impacts are quantified;
c) Valuation, by which the environmental impacts are reduced to a single measure of
environmental performance;
4) Improvement assessment of the activities needed to reduce environmental impacts.
In another push toward standardization, LCA methodology was described in the
internationally accepted ISO series, accredited by the European Committee for Standardization.
ISO standardized LCA methodology was first released as ISO 1997a and ISO 1997b along with
ISO 1998a and ISO 1998b which were finalized with their re-publication as ISO 14040-ISO
14043. The standard that would later be titled ISO 14040: Life Cycle Assessment Principles and
Framework was created in 1997. Similarly, in 1998, ISO published the standard that would later
be titled ISO 14041: Goal & Scope Definition and Inventory Analysis. In 2000, ISO added the
standard ISO 14042: Life Cycle Impact Assessment, and ISO 14043: Life Cycle Interpretation.
Later, in 2006, ISO published revisions including ISO 14040:2006 outlining LCA
principles and framework and ISO 14044:2006 for requirements and guidelines (Finkbeiner et
al., 2006). By rewriting the four standards into two standards, ISO condensed the requirements
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from 44 pages to 26 pages and reduced the compliance lists from three to one. The four stages of
LCA featured in the 1997 standard remain the same in 2006. Those stages are:
1. Goal and scope definition
2. Inventory of extractions and emissions
3. Impact assessment
4. Interpretation
In May 2, 2006, Life Cycle Assessment: Principles and Practice was published by
Scientific Applications International Corporation (SAIC). This research was funded by the US
EPA, and the final work was published by the US EPA as EPA/600/R-06/060. Since this work
had the stamp of the US EPA, it carries a lot of significance.
2.1.5

Modern Developments in LCA Research
As mentioned previously, there was renewed interest in LCA in the 1990’s but there was

also significant criticism largely based upon concerns over acceptance, consistency and
methodology. In addition, the observation that results failed to meet the high expectations helped
to diminish the research efforts in that decade (see for example, Udo de Haes, 1993; Ayres,
1995; Ehrenfeld 1997, Finnveden, 2000). Frankl and Rubik (1999) pointed out that most of the
research work done (at that time) regarding LCA focused upon improving its methodology and
developing guidelines for its studies. They stated that the utilization of LCA in actual application
was poorly explored. In their survey of LCA application in business in Europe, Frankl and Rubik
reported that there are significant differences between countries’ levels of utilization of this
technique towards the use of LCA in business because of the different levels of environmental
awareness.
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With the completion of respected standards by US EPA, SETAC, and ISO by the end of
the 1990s, which were discussed in the prior section, the concerns regarding consistency,
methodology and acceptance diminished greatly and this has driven increased research in LCA
into the 21st century. This increase in research was also fueled by the ready accessibility of
computing power to handle the databases and calculations involved with LCA.
The literature reflects a great deal of interest in the selection of the approach to LCA. The
choice of approach occurs during the goal setting and scoping activity and really reflects the
choice of system boundaries. There are two primary approaches: consequential LCAs and
attributional LCAs. Consequential LCA boundaries are flexible, while attributional LCA
boundaries are fixed. That is, a consequential LCA looks at the way things may be, while an
attributional LCA looks at the way things are now (Curran, 2006).
The consequential approach focuses upon how the LCA flows change based upon the
decisions made in design (Curran et al., 2005). This type of LCA is aimed at investigating the
environmental ramifications of possible future actions and alternative designs. Consequential
LCAs utilize marginal costs and data aimed at reflecting expected changes in the data.
Consequential LCAs avoid allocation of costs to individual sub-systems or components since
system expansion is assumed in this type of LCA. On the other hand, attributional LCAs focus
upon describing the environmental flows of a given set of conditions for a life cycle system.
Attributional LCAs utilize average data values and utilize allocation of flows to each activity
based upon some metric such as cost (Curran et al., 2005). Marginal costing reflects the change
in cost resulting from small changes in the process output. These costs can reflect the change in
burden on the environment resulting from a decision, or can be the result of efficiency changes
impact on upstream or downstream processes. These changes can either be short term, such as
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happens with increased utilization of capital or long term, such as occurs with capacity increase
or decrease or technological change (Weidema et al., 1999).
The “cost” in an LCA is the incremental environmental impact of some base unit of
process activity or output. Costing must consider:
the environment that receives the impact,
the properties of the substance,
the quantity of the substance emitted,
the characteristics of the emitting source.
It is important to note that cost is very location sensitive. A number of researchers (e.g.
Bare et al., 2002) have reported the fact that the impact, or cost, can be more sensitive to the
environment receiving the impact than the actual magnitude or toxicity of the emission. That is,
what may be a small cost in one location may be a very large cost in an alternate location or
under alternate circumstances.
Some researchers, such as Weidema et al. (1999), argue that long-term marginal costs are
most relevant to a consequential LCA and present a 5-step procedure to develop the costs.
However, other researchers, including Eriksson et al. (2007), argue that there is risk in only using
marginal or consequential costing due to the uncertainty of predicting these costs. To this end
they assert that it is better practice to use short-term and long-term costs.
Besides the impact of the use of dynamic system boundaries (consequential) versus static
system boundaries (attributional), the most significant difference in the two approaches is the
utilization of marginal costs (consequential) versus average costs (attributional) (Ekvall and
Weidema, 2004).
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A number of authors argue that the choice of consequential LCA is most appropriate for
decision making (e.g. Weidema, 2003 and Lundie et al., 2007a). Lundie, however, asserts that
attributional LCAs are preferred if there is not a significant difference in the expected outcome
of the consequential LCA versus the attributional LCA. Alternatively, there are a number of
researchers who feel that both consequential LCAs and attributional LCAs should not necessarily
be so rigidly applied. Sandén and Karlstrom (2007) assert that both consequential and
attributional LCA types can be used for forward or backward looking LCAs. This position is
shared by Ekvall et al. (2005), who concur with the assertion. Ekvall et al. (2005) do assert that
consequential LCA may be more relevant to decision making for individual decisions while
attributional LCAs are better at isolating the system when there is potential for overlap with
other systems that may interfere with the analysis.
Ekvall and Andrae (2006) validate the assertion that both consequential and attributional
approaches can be used for either purpose through a case study application.
Both consequential and attributional LCAs require predicting the future. For example,
consequential LCAs try to determine the effect of a series of decisions at some future date while
attributional LCAs require predicting future technologies. Researchers can, and do, simply
assume that the future will be the same as the present, but this seldom a valid assumption.
Borjeson et al. (2006), propose a solution strategy to indicate the most effective manner in which
to predict future costs. The authors suggest that predictive scenarios serve best for answering the
question “What will happen?” Explorative scenarios should be used to answer the question
“What can happen?” Normative scenarios are best for answering the question, “How can a
specific target be reached?”
There are three types of system boundaries in an LCA (Guinée et al., 2002):
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the boundary between the technical system and the environment,
the boundary between significant processes and insignificant processes,
the boundary between the technical system under consideration and other technical
systems.
Life Cycle Inventory (LCI) focuses on the generation of materials flow: energy and mass,
and the identification of significant aspects in the processes. LCI data set is the basis to gain
LCA data for impact assessment. The LCI analysis is considered as important as the whole LCA
process. In essence this is the “quantification” step.
In order to properly assign costs to the environmental impact, it is necessary to assign the
costs to the specific product or process that creates the impact. For costs that are shared across
multiple products or processes, a method must be employed to apportion an appropriate cost to
each product or process unless the system boundary allows a clear separation. This is sometimes
done by a process known as allocation. Allocation of impact is a controversial subject. ISO
14040 gives guidance on how to handle allocation problems with respect to the boundary
between technical systems. It states that whenever possible, allocation should be avoided by
expanding the system or sub-system boundaries. If boundary expansion is not feasible, then the
allocation should be attributed directly to the cause of the physical, chemical, or biological
impact. If direct attribution is not feasible, then allocation based on other measures, such as
economic value, mass, or energy, may be used (Guinée et al., 2004a).
In practice, allocation of costs is actually very common (Lundie et al., 2007b). Lundie et
al. (2007b) argue that system expansion does not eliminate allocation problems because
expansion of the system simply substitutes different allocation problems. Other authors argue
that system expansion introduces large uncertainties and also creates the possibility that there
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will not be enough data to support the expanded system definition (e.g. Heijungs and Guinée,
2007).
Not all authors disagree with the ISO approach. For example, Weidema (2003) argues
that system expansion can greatly reduce allocation issues and that the new issues that arise from
system expansion are likely to be less significant than the original issues. In Market Information
in Life Cycle Assessment (2003), Weidema attempts to demonstrate that system expansion is
always possible.
Tillman et al. (1994), advise that allocation can be handled by process subdivision or by
system expansion to include other impacted technical systems. A benefit of this approach is that
more complex interactions can be included in the attribution (Tillman et al., 1994). For example,
if the impact from incineration of waste is included in the LCA as a negative, then the utilization
of heat from that incineration as a replacement for other fuels should be included as a positive
impact on the environment. In order to account for the fuel value, it would most likely be
necessary to redefine the technical system in a way that the process is not normally viewed since
the basic view of the system probably did not include the fuels that were burnt for heat.
A number of authors also point out that the choice of LCA has an impact upon the correct
method for handling allocation. Consequential LCAs by their nature consider the environmental
consequences of a change and, as such, allocation problems are best handled by expanding the
system to include expansion beyond cradle-to-grave boundaries. These researchers argue that all
allocation problems in consequential LCAs should be handled through system expansion (Ekvall
and Finnveden, 2001; Weidema (2003); Ekvall and Weidema, 2004). By contrast, with
attributional LCAs, partitioning (allocation instead of system expansion) is considered to be the
correct approach (Weidema, 2003; Lundie et al., 2007b; Thomassen et al., 2008).
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The purpose of Life Cycle Impact Assessment (LCIA) is to develop pertinent information
for assessing the results from the LCI so as to better understand environmental significance (ISO,
14040). Thus, the LCIA should be used to assess potential impacts upon “areas of protection”
defined for the assessment (Consoli et al., 1993). The areas of protection are those areas targeted
to be protected in the LCA and may include both general goals and very specific environmental
goals and uses. Typical areas of protection targeted are human health, natural resources, and the
natural environment (Udo de Haes et al., 1999, 2002). ISO considers only environmental impacts
in LCIA and it does not address social impacts or the economic aspects in the life cycle
(Hunkeler and Rebitzer, 2005). However, as mentioned elsewhere, work is under way to fill this
gap (Grießhammer et al., 2006; Jørgensen et al., 2008).
The ISO standard lists the following sequence of steps for performing LCIA:
1) Selection of impact categories and classification,
2) Selection of characterization methods and characterization,
3) Normalization,
4) Grouping or weighting.
Selection of impact categories and classification, as well as selection of characterization
methods, and characterization are mandatory steps in LCIA. Normalization and grouping or
weighting are optional (ISO 14040).
A number of well-documented LCIA methods have been developed that demonstrate
standardized methods and practices for performing LCIA (e.g., Hauschild and Wenzel,1998;
Goedkoop and Spriensma, 2000; Bare et al., 2002; Guineé et al., 2002; Jolliet et al., 2003; Itsubo
and Inaba, 2003).
The impacts (costs) caused by an emission depend on
41

the quantity of substance emitted,
the properties of the substances emitted (e.g. toxicity),
the characteristics of the emitting source,
the receiving environment.
The site-generic approach (or global default) followed in current characterization
modeling often only includes the first two aspects, and assumes a global set of average/standard
conditions with respect to the properties of the source and the receiving environment. For truly
global impact categories like global warming or ozone depletion, this may be true. However, for
most aspects modeled in LCIA this is insufficient. There are usually regional and local
imperatives to be considered and global standards ignore local constraints, environmental
sensitivity, resource limitations, or variances in intended use that must be considered (Potting
and Hauschild, 1997; Bare et al., 2002)
As an example of the foregoing, consider fresh water. The UNEP/SETAC Life Cycle
Initiative recognized the importance of global and regional freshwater resources and their limited
availability throughout the world (Stewart and Goedkoop, 2003) and recognized the need for an
assessment of water resource depletion and degradation (Jolliet, 2003).
Currently there are no generally accepted standards for water-use reporting in LCA
(Koehler, 2008). Water quality parameters have been suggested as a component of the LCI. One
method for implementation of this proposes that water flows be costed by changes in chemical
composition (Rebitzer et al., 2007). An alternate approach proposes that water usage costs be
implemented by measuring a change in the ability to fulfill an intended use such as usability as
drinking water, usability for agricultural activities, usability for recreation, and usability for
industrial applications (Brent, 2003).
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Another part of LCA that is subject to controversy is measuring chemical impact with
respect to toxicity. Toxicity has been neglected in many LCA studies conducted to date due to
proprietary data and this is an area of research that requires further work (Hauschild, 2005). This
problem has also been noted as unacceptable by SETAC (Udo de Haas et al. 2002) and the
OMNIITOX project (Molander et al., 2004; Guinée et al., 2004b).
2.1.6

Applications of Life Cycle Assessment
Different studies have different analysis methods, impact categories, point of view, and

goals. The mobile phone life cycle is short because of rapid addition and improvement of
functions and change of styles. Mobile phones are no longer a simple tool for connecting two
parties afar to engage in conversation. Modern phones include additional functions like taking
pictures, audio and video recording, instant messaging texting, and games, etc., make mobile
phones a highly versatile and handy tool. In addition, some mobile phone users consider their
choice of phones a fashion statement; they replace their still working phones as soon as newer
styles appear in the market.
To incorporate many functions in a hand-grab tool requires intelligent design. This makes
a mobile phone a highly complex tool. In order to support their multiple functionalities and
keeping their size and weight reasonable, a lot of complicated and top-of-design electronic
components are required. These electronic components are commonly fabricated with materials
like gallium and arsenic, toxic chemicals to human when they are emitted from the reactor
exhaust. Thus, waste management of used mobile phones is a challenging topic.
Uryu, Yoshinaga, and Yanagisawa (2003) present a methodology for the assessment of
the environmental fate of problematic substances from the disposal. By applying their
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methodology to used mobile phones, the research indicates that direct disposal of used mobile
phones to landfills is preferred to incineration methods under the conditions in Japan.
Tekwawa, Miyamoto, and Inaba (1997) apply LCA in a study focused on waste reduction
in computer manufacturing. This research identifies the major environmental loads of the
manufacturing process. From this analysis, the researchers determine that the production and use
stages of computers show the biggest environmental load based on the four impact analysis
categories which are: greenhouse effect, acidification, eutrophication, and resources consumption
(Tekwawa, Miyamoto, and Inaba, 1997).
In another LCA study aimed at improving computer manufacturing waste management
conducted by Andrew and Swain (2001), the authors focus on institutional factors affecting the
life cycle of computers. They present a case study of institutional aspects of computers
procurement, use and disposal in state government agencies in Trenton, New Jersey, U.S.A. The
authors believe the results from this study can provide information to product designers,
government agencies, and organizational decision makers. From their study, the authors
demonstrate that LCA can inform both technical and institutional design choices. The analysis by
Andrew and Swain (2001) indicates that both product design and user’s behaviors can determine
the environmental impacts associated with the use and disposal of computers, while user’s
behavior is heavily affected by institutional rules and norms. Thus, there are environmental links
between individual behavior, institutional procedures and incentives. LCAs show that products
have their greatest environmental impacts different points during their life cycle (Andrews and
Swain, 2001)
One of the largest impacts to society of semiconductor manufacturing is the tremendous
drawdown of water from local resources to accomplish many tasks in circuit manufacturing. The
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impact is twofold in that the depletion of water can be significant, and the water returned to the
local ecosystem is typically diminished in some respect from the uptake water. As a result, the
discharged water can serve a lower use than may have been originally possible. Blowers and
Titus (2004) apply Life Cycle inventory (LCI) on super-critical carbon dioxide. This work
illustrates an LCA that examines the impact of utilizing supercritical carbon dioxide (scCO2)
technology to replace ultra-pure water (UPW) usage currently used in semiconductor wafer
rinsing.
Boyd, Dornfeld and Krishnan (2006) use a library of process step-related information to
assemble a life cycle inventory (LCI) for comparative assessment of complementary metaloxide-semiconductor (CMOS) chip processes in semiconductor fabrication. The authors indicate
the equipment-centric, module-based model structure is useful for comparative assessment of the
environmental implications of semiconductor fabrication.
Schischke et al. (2001) present a methodology for a life cycle inventory analysis used in
semiconductor wafer fabrication. The methodology includes both ecological and economical
aspects and it targets environmental improvements within a company.
Liu et al. (2010) indicate LCA methods are a favored tool in Taiwanese semiconductor
industry studies because LCA-type methods can identify production improvements, provide
information to decision makers, and evaluate potential environmental performance of products.
In their research, Liu et al. (2010) apply two LCA analysis softwares: SimPro 7.1 and Impact
2002, to evaluate the potential environmental impacts of five production processes of dynamic
random access memory (DRAM) in the Taiwanese semiconductor industry. From the analyses,
the authors identify which one of the five processes is the major impact source, and they
compare the scope and results from the two LCA methods.
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2.1.7

Criticism of LCA
As indicated earlier in this work, in the past there was a great deal of concern with respect

to standardization of LCA methodology. LCA is a powerful tool for analyzing equivalent aspects
of quantifiable systems. The ISO, EPA, and SETAC work have largely diminished the level of
this concern. An often-cited work critical of early LCA was by Ayres (1995). This work is
typical of LCA critics in the early to middle 1990s. This work discussed a number of possible
factors that could result in errors to the input data early in the LCA process. His concerns
included the fact that not every factor can be represented by a number. Ayres (1995) thought that
bias and error could occur when LCA practitioners try to assign a number to these factors. In
addition, data required for quantitative analysis (the second stage of LCA analysis) are usually
imperfect. Some examples include the theoretical processes used to describe the situation may
not reflect the physical reality; data may be estimated from patents and publications; proprietary
information may difficult to verify; reported data may be outdated; or the data collection,
measuring/sampling methods are questionable.
Another concern with LCA is that although LCA is a valuable tool for environment
conservation analysis, industry has been slow to adopt LCA. (Baumann and Rex, 2008). In
addition, LCA requires significant resource allocation and benefits derived from it do not appear
immediately.
There is no one size-fits-all solution for waste management because waste is a vast topic
and different countries have different regulations, different firms have different goals, resources
and tolerance levels etc. In the same manner, there is no one size-fits-all solution to integrating
different LCA related models for better sustainability assessment (Jeswani, Azapagic,
Schepelmann, and Ritthoff, 2010).
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Society, economic, environment/ ecology are the major aspects in sustainability
dimensions as well as in waste management decision making process. The focus of any
assessment methods can be categories into three types: product, project, or policy/strategy. And
the levels of governance can be grouped into as macro, meso, and micro.
2.1.8

Pollution Prevention (P2)
According to US EPA, Pollution Prevention means "source reduction" and it includes

practices that reduce or eliminates creation of pollutants through (1) increased efficiency in the
use of raw materials, energy, water, or other resources, or (2) protection of natural resources by
conservation. Under the US EPA Pollution Prevention Act, "source reduction" is defined as any
practices that (1) reduce the amount of any hazardous substance, pollutant, or contaminant
entering any waste stream or otherwise released into the environment (including fugitive
emissions) prior to recycling, treatment, or disposal; and (2) reduce the hazards to public and the
environment associated with the release of such substances, pollutants, or contaminants (US
EPA, 1992b).
The germane principal of P2 is "reduction at source". It is based on the belief that waste
generation can be reduced through efficiency improvement on material selection, usage and
process. P2 is considered as the father of modern approaches to the proactive management of
industrial eco-efficiency (Cango et al. 2005).
In 1988, US EPA established a general manual for waste minimization: The Waste
Minimization Opportunity Assessment manual (EPA/625/7-88/003). This publication was
revised and re-issued in 1992: Facility Pollution Prevention Guide (EPA/600/R-92-088). In the
1990's, US EPA published different versions of "Guides to Pollution Prevention" targeting
different industries: printed circuit board manufacturing industry (1990), paint manufacturing
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industry (1990), pharmaceutical (1991), fiberglass-reinforces and composite plastics industry
(1991).
In general, source reduction includes modification of equipment, technology, process,
procedure, raw materials, and product redesign; however, recycling is excluded from the official
definition of P2 activities. This is because recycling is considered as a post-waste generation
management option, while P2 aims at practices/activities prior to waste being generated.
Many environmental concepts and management strategies are related to and/or
intercepted with P2, e.g., cleaner production, sustainable product, design for environment, life
cycle assessment, etc.
The term “eco-efficiency” was coined and defined by the World Business Council for
Sustainable Development in 1992. In summary, eco-efficiency means better product/services are
produced with less resource and less environmental impact. Eco-efficiency is commonly used in
situations related to recyclability and sustainability, as well as for pollution prevention.
Zarker and Kerr (2008) point out that one of the reasons for the growth of the emphasis
on sustainability as waste management strategy is the realization in industry that waste, by
definition, is an indicator of inefficiency. That is to say that the entire product disposed of as
waste is derived from something the firm purchased. Pollution prevention is at its heart a strategy
that increases sustainability by reducing waste. However, the authors emphasize that there is
ample evidence that the majority of firms will not voluntarily undertake even profitable
environmental programs such as P2 without a regulatory shove. Zarker and Kerr (2008) point out
that there is a current push to use regulatory tools to encourage performance based waste
planning. An example is being tested with the National Pollution Discharge Elimination System
(NPDES) permit system. Under this program the NPDES regulations call for the regulatory
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authority to speed the issuance of operating permits and change approvals for firms that engage
in pollution prevention or similar approaches to sustainable management as opposed to simple
control and collect methods.
Research by Miller et al. (2008) confirmed the benefits of using regulatory preference as
a tool to encourage sustainable management programs. In their research they discovered that
many firms which emphasized P2 stated that the regulatory preference was a primary reason for
their support of the P2 program. In addition, Miller et al. (2008) report that the second major
reason that firms gave as motivation for supporting P2 and other sustainable management
programs is that these programs are an effective method for maximizing efficiency and
productivity. The authors note the major obstacles to P2 include the lack of specific industry data
and practical application information.
P2 is a concept and tool to help reduce waste and resource usage, not a solution.
Prevention of problematic issues prior to their occurrence is part of the solution but there is
nearly universal understanding that P2 is not sufficient by itself and requires coordination with
other sustainability approaches.
2.1.9

Design for Environment (DfE)
Design for X, and the environmental application of that approach known as Design for E,

are similar in approach to Pollution Prevention in the respect that both are proactive approaches
attempting to prevent perceivable and un-perceivable problematic impacts in the future by taking
actions as early as possible.
Seventy to eighty percent of total product costs are decided in the early design stage
(Ramani et al. 2010). As a result, this early design stage is very significant in the decisionmaking stage of the product life cycle, since decisions made in this stage are propagated
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throughout the product life cycle. The decisions made in this stage can have significant impact
on the product’s environmental related issues and sustainability. This is the opposite of the
traditional “end-of-pipe” thinking. Likewise, Rahimifard, et al (2009) indicate that
implementation of environmental improvements in the product design phase has great impact on
the product recovery and recycling applications, which are closely related to product
sustainability.
The abbreviation DfE has been used for both “Design for Environmentability” and
“Design for Environment.” In the early 1990’s the concept of developing a Design for X targeted
at Environment arose and some researchers referred to Design for Environmentability while
others referred to Design for Environment. Regardless of the term, the concept is that introducing
environment responsibility in the early design stage of product life cycle is a powerful method to
alleviate negative environmental impacts caused by products. This concept of designing for
environmental is the same as the concept of designing for manufacturability in DfM. That is,
small changes at the design stage have a ripple effect later in the life cycle.
The concept of "Design for Environmentability" was introduced by Carnegie Mellon
University. Design for Environmentability is also known as green engineering design.
Researchers believed that reusing a product can save costs; thus, products should be designed not
only for material recycling but also for remanufacturing and reuse. By emphasizing
environmental responsibility planning into a design process, engineers can prevent
environmental problems before they can occur. A green product is one that is both
environmentally friendly and commercially profitable (Navinchandra, 1991)
Design for Environment is also known as Green Design (GD), Environmentally
Conscious Design (ECD), etc. The concept of DfE started in the 1990s. It describes the situation
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that by acting on the design phase of products, engineers minimize products’ negative impact on
environment (Allenby, 1994; Ashley 1993). DfE stems from environmental ecology. It refers to
the procedures and guidelines used to analyze the environmental impact of a product or service
during design phrase.
As indicated by Allenby (1991), the intention of DfE is to incorporate environmental
considerations and constraints into product processes during the design phase such that this
product and the associated process would become environmentally friendly while this product
does not compromise its performance or its profitability for the firm.
DfE has a close relationship with pollution prevention and Life Cycle Assessment (LCA).
By incorporating principles from LCA and P2 into DfE, engineers can design product to prevent
foreseeable negative environmental impact caused by such product and its processes. Pollution
prevention can be used to identify opportunities to be exploited in DfE. LCA is a validation
technique. That is, LCA is a powerful tool to aid in the process of Design for Environment.
Collectively, all of these approaches are used to create and monitor the sustainability framework.
2.2

Semiconductor Industry
The semiconductor industry is a “component” industry; that is, its products are

components required to support other products made by other industries. For example, cars,
mobile phones, cameras, and computers are the final products assembled from various
components produced from the semiconductor industry. Because it is a component industry,
semiconductor firms must keep pace with customers’ technologies which are continuously
changing. When there is any new development in any of their customers’ technologies,
semiconductor firms must adapt to the change and catch up with this development. This
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technological relationship between semiconductor firms and their customers makes the
semiconductor industry one of the most innovative, complex and dynamic industries.
Semiconductor industry processes are complex and evolving fast. They contain expensive
and environmentally sensitive processes. The production involves an array of materials including
acid solutions, organic solvents and toxic gases (Yang, 1996). Besides the final product wafers,
the facilities discharge both organic materials and sludge, which are either the residues or byproducts of reactions. The problems are further complicated by the fact that the chemistry and
process used to accomplish a given step in the manufacturing of a semiconductor device varies
depending upon the instrument maker (Van Zant, 2000). These discharges are causing negative
impacts to the environment as well as to human health.
Coupled with the wide variety of chemical characteristics mentioned above, the purity
and extreme cleanliness of input materials and process environment requirements in
semiconductor production are great challenges for firms in this industry to manage their wastes.
In addition, the fast technology development driven by customer desires and everlasting
competition among firms increases the uncertainties of the identities of the wastes generated
from the facilities.
Much of the production in the semiconductor industry is “black-box production” because
the materials into and out of the reactors are guarded as high secrets. This secretive mentality
stems from the competitive pressures inside the industry. Firms not only have to push their
newest products to the market as soon as possible in order to take the biggest market shares, they
also have to prevent and delay competitors from copying their “fruit” of time-, labor-, and costly
invested research to catch up.
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The numerous and high quantities of chemicals, their extra purities and cleanliness, their
toxicity, process secrecy, dynamic advancement in technology, constant changing in
process/production, shifting productions between facilities and countries, and transferring
production, etc., are some of the factors that make waste management in the semiconductor
industry a huge problem in both horizontal and vertical dimensions (Jeswani et al., 2010).
As mentioned above, LCA methods have multiple applications in the semiconductor
industry including production improvement identification, environmental performance
evaluation, decision making information support, etc. (Tekwawa et al. 1997; Andrew, C. J. and
M. Swain, 2001; Boyd, S., D. Dornfeld, and N. Krishnan, 2006). Another reason that LCA
methods are commonly applied in the semiconductor industry is the large amounts of energy,
chemicals and water consumption throughout the life cycle of semiconductor products. These
materials and energy consumption are constantly recorded inside the facilities. Therefore, the
data-intense requirement of LCA, especially LCI, fits the data-intense collection characteristic of
the semiconductor industry. However, because of legal, intellectual property concerns or intrastructure within the firms, these data sets are seldom readily available to the outsiders who are
not related to the day-to-day operations. Coupled with the fast development of technologies, it is
possible that by the time the decision makers obtain the necessary data sets, the processes and or
materials have been changed. In extreme cases, the response time to gather the data sets is longer
than the time scope for study.
Research on semiconductor waste management has been gate-to-gate because there are
numerous products, processes, and materials involved. Gate-to-gate systems can reduce the data
and time requirement necessary to a manageable size such that a set of meaningful data can be
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used by decision makers (Schischke, et al., 2001; Boyd, S., D. Dornfeld, and N. Krishnan, 2006;
Liu, C.H., S.J. Lin, and C. Lewis, 2010).
2.3

Sustainable Production and Hybrid Planning Frameworks
Sustainable production requires the integration of all of the aspects of waste management

research that have been examined thus far. That is, a sustainable waste management plan requires
utilization of:
•

Command and control waste management

•

Life cycle assessment (LCA, LCI, LCIA)

•

Reverse supply chain and closed loop supply chain management

•

Pollution prevention and Design for Environment

Waste management planning is essentially the examination of the sustainability of a
production process with respect to resource consumption, resource utilization, and waste
handling. As will be seen in the discussion of the sustainable production framework, sustainable
waste management planning requires all of the tools for waste management discussed so far.
Sustainable development is a slippery term and the large body of literature upon it differs
widely in definition with respect to what is sustainability. Many sources (e.g. ISO 14031 and
Brundtland, 1987) address the concept of sustainable development but perhaps the cleanest
definition is that given by UNCED as “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.” (Brundtland, 1987).
Despite the large number of researchers investigating sustainable development, there is
far less literature that addresses the practical implementation of sustainability in the
manufacturing environment. This implementation has become known as sustainable production.
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The concept of sustainable production first arose at the United Nations Conference on
Environment and Development (UNCED) in 1992 (Veleva et al., 2001).
The University of Massachusetts Lowell, Lowell Center for Sustainable Production
(LCSP), has taken a leadership role in research related to sustainable production. LCSP defines
sustainable production as “The creation of goods and services using processes and systems that
are conserving of energy and natural resources; communities, and consumers; and socially and
creatively rewarding for all working people” (Veleva et al., 2001). The Lowell center developed
a framework for companies to assess the indicators they have chosen for measuring
sustainability. The LCSP framework recognizes that compliance with all permits and regulatory
requirements does not indicate sustainability. In order to further the ability of firms to measure
progress toward sustainability, they offer a framework of indicators to measure the goals. That
framework includes the following levels (Veleva et al., 2001):
Level 1: Facility Compliance/Conformance
•

Measures excursions from regulatory rules and basic handling (control and
conformance)

Level 2: Facility Material Use and Performance
•

Measures overall resource consumption (LCI)

Level 3: Facility Effects
•

Measures impact of facility consumption and discharge (LCIA)

Level 4: Supply Chain and Product Life Cycle
•

Closed-loop supply chain and reverse supply chain

Level 5: Sustainable Systems
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•

Measures integration of the production into the larger sustainability of society and
the community

LCSP argues that the foregoing framework is evolutionary and recognizes that different
firms start at different places on the framework and different firms can make more or less
significant contributions at different points upon the ladder.
Other major sustainability frameworks are: ISO 14031 Framework, World Business
Council for Sustainable Development Framework, Center for Waste Reduction Technologies
Framework (American Institute of Chemical Engineers), and the Global Reporting Initiative.
In another work, Veleva and Ellenbecker (2001) give twenty-two sustainability indicators
for assessing progress by a firm as well as an eight step iterative process for implementing and
measuring that progress.
Greiner (2001) reports on a long running project at a flooring manufacturer, Guilford of
Maine, where a number of lessons regarding sustainability have been learned. The main lessons
included:
1) The normalization method chosen can significantly skew results.
2) As measurement systems became more accurate the firm’s results appeared to be
worse.
3) Non-inventory items such as waste and energy tended to be the poorest managed due
to lack of counting.
4) Tying sustainability metrics to employee compensation produced better sustainability
results.
5) The better the measurement the better the improvement.
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Presley and Meade (2004) again concur with the recognition that, although sustainable
development is a global concept, sustainable production depends much more upon the objectives
and activities of the firm itself. In their research they again cite the need to use a wide array of
tools to achieve an environmental management plan ranging from basic command and control
structures through closed-loop supply chain and life cycle assessment. Presley and Meade (2004)
add an additional tool to the set for planning by demonstrating the use of the Analytical
Hierarchy Process (AHP) to maximize sustainability within the confines of the sustainability
indicator framework.
Veleva and Ellenbecker (2000) as well as Boks and Stevels (2003) stress that effective
sustainability indicators must be relevant and actionable by the business or functional unit that is
using those indicators. That is, the indicators must supply useful feedback for decision making
that is within the scope of the planners’ ability to influence.
The Delft University of Technology sustainability benchmarking model known as the
environmental product assessment (EPA) method (Jansen and Stevels, 1998) emphasizes the
importance of focusing on the functional unit as the target of sustainability modeling. As Boks
and Stevels later elaborate (2003), emphasis on the functional unit allows for the best generation
of new alternative processes.
Reich-Weiser, Vijayaraghavan, and Dornfeld (2008) define “sustainability” 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”. As the authors point out, the design of the metrics used in
the analysis directly influences the quality of engineering design and analysis. Effective metrics
can help engineers achieve environmentally sustainable design; on the contrary, lumped metrics
can mislead engineers. They also point out that “green technology”, aimed at minimizing
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environmental impacts, is only one of the conditions for sustainability strategy. It is not by itself
enough to fulfill a sustainability strategy. The authors identify the three most important
components of a sustainable manufacturing plan: (1) selection and application of appropriate
metrics for measuring manufacturing sustainability, (2) completion of comprehensive,
transparent, and repeatable life cycle assessments, and (3) adjustment/optimization of the system
to minimize environmental impacts and cost based on the chosen metrics and LCA. The
researchers develop a methodology for selecting sustainability and environmental metrics and
discuss some of the existing metrics. However, environmental and environmental sustainability
metrics are only part of the metrics system; the others are economical and societal metrics.
Within the environmental metrics, the authors further distinguish two groups of metrics: (i) Cost
metrics indicate a measured value per unit functional unit of selected entity, for example, tons of
carbon dioxide per process; (ii) Sustainability metrics indicate the performance of a system or
process in maintaining a sustainable level of a specific resource, for example, the consumption of
clean water by a system. The authors indicate there is need for more rigorous development of
sustainability metrics.
Kralj and Markic (2008) discuss sustainable production within the context of the renewed
EU Sustainable Development Strategy. They emphasize that environmental management and
waste planning are an integral component of sustainable production and therefore must be
considered as a key management planning activity in the development of sustainable operations.
Kralj and Markic (2008) offer a strategy for developing a sustainable environmental plan that can
reduce resource usage, increase recycling, reduce waste, and improve total sustainability. The
plan emphasizes identifying critical elements in a firm’s operation that should be the focus of the
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waste management plan. The authors present a step-by-step process for the pre-plan readiness
that includes the following:
•

Clarification of regulatory requirements;

•

Identification of environmental aspects of its products and processes that have
significant environmental impacts and liabilities;

•

Evaluation of past and current compliance with respect to internal and external
standards, regulations, codes of practice, principles and guidelines;

•

Review of relevant existing business, processes, environmental management practices
and procedures;

•

Examination of existing policies and procedures dealing with purchasing and
contracting activities;

•

Review of past compliance excursions.

One framework for defining and measuring progress toward sustainability is the Lowell
continuous-loop paradigm shown below (Veleva and Ellenbecker, 2001).
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Figure 2.1

Lowell Continuous-loop paradigm (Veleva and Ellenbecker, 2001)

Morrissey and Brown (2004) nicely present important problems common to most waste
management plans. First, they point out one shortcoming of current waste management models is
that they are concerned with refinements of the evaluation steps (e.g. tweaking stage four of the
AHP or the improvement of weight allocations in LCA) rather than focusing upon the decisionmaking process itself. Many authors discuss the fact that one method can provide an effective
plan in isolation from other tools (e.g. Morrissey and Brown, 2004; Guinée et al., 2011). Rather,
an effective waste management plan requires a combination of methods in order to consider both
quantitative and qualitative aspects of the planning. A number of prominent LCA researchers
suggest that the next decade will be the decade of Life Cycle Sustainability Approach (LCSA)
(Guinée et al., 2011). The authors of Life Cycle Assessment: Past, Present, and Future (Guinée et
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al., 2011) assert that the recent research in sustainability frame-working as an environmental
management tool is the recognition and implementation of this concept. Indeed, sustainable
frameworks such as those discussed by Veleva and Ellenbecker, 2000; Veleva et al., 2001; Kralj
and Marlic, 2008; heavily utilize LCA as a tool to evaluate sustainability indicators.
Jeswani et al. (2010) believe that the current LCA method alone does not provide enough
information for sustainability assessment. To improve LCA method’s usefulness for
sustainability decision-making, authors suggest expansion in both horizontal and vertical
directions of the current ISO LCA framework. Integrating externalities like social, cultural and
economic aspects of sustainable development into LCA will broaden the current LCA framework
in the horizontal direction; while improving its applicability in different contexts, reliability and
usability aspects of LCA will deepen it in the vertical direction. (Jeswani et al., 2010). Different
assessment methods are discussed as potential options for integrating into current LCA
framework as its expansion. As the authors point out, there are logical and conceptual challenges
for developing a LCA method that is capable of supporting sustainability decision making.
Furthermore, it is unlikely that a single method can cover a variety of users who have different
applications, levels of concerns, goals, needs and capabilities to use such a method. In summary,
the authors believe that by broadening and deepening the LCA method, it may be able to provide
information for sustainability assessments; however, such broadening and deepening
developments may also increase the complexity and uncertainties of LCA methods and
subsequently they may reduce the chances of its acceptance.
Cooper (2003) discusses the use of LCA as a tool to evaluate performance against
environmental and economic sustainability indicators and discusses briefly how this would be a
valuable tool for evaluating greenhouse gas emissions.
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Sustainable development addresses three domains: economic, social, and environmental
(Elkington, 1998). He comments that LCA is applicable to all three domains, but it is most
developed for the latter. There are ongoing efforts to apply LCA to the first two domains of
sustainability, but work in this area is not as well developed. The utilization of all three aspects
of sustainability is addressed in the European Union 6th Framework Co-ordination Action for
innovation in Life-Cycle Analysis for Sustainability (CALCAS) (Zamagni et al., 2009).
Jørgensen et al. (2008) gives a review of the current efforts on social LCA. In addition, SETAC
has a working group devoted to social LCA (Grieβhammer et al., 2006).
Hauschild, Jeswiet, and Alting (2005) again emphasize that a number of tools are needed
to build a sustainable plan or framework. The researchers emphasize that LCA is the primary
tool for evaluating performance against sustainability indicators, but they also offer the view that
DfX in the forms of Design for Environment, Design for Recycling, and other DfX are necessary
tools in sustainable planning. A nice discussion of framework building is part of this work.
2.4
2.4.1

Research and Extensions
Summary of Research and Extensions
The literature of environmental planning and waste management has progressed a long

way from simple regulatory compliance. Recent decades have seen significant advancement in
reuse and recycling, particularly with respect to reverse supply chain and closed-loop supply
chain management. Clearly any effective waste management plan must include consideration of
regulatory requirements as well as recycling and reuse. This is particularly true for the
semiconductor industry as the waste streams are both abundant and extremely toxic. Modern
waste management plans should include collect and control methods that exceed current
standards. One compelling reason for this extra caution (exceeding current standards) is the risk
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involved from non-compliance with future standards that will impose a burden through
Comprehensive Environmental Response, Compensation, and Liability Act/ Superfund
Amendments and Reauthorization Act which can impose retroactive responsibility for
environmental damage if practices are found to be harmful in the future. Another reason for extra
caution is potential liability for damages that may have been “legal” but are later found to be
negligent by a jury. Through the use of closed-loop and reverse supply chain practices the waste
planner can minimize cost to both the firm and to society.
The more recent research on waste management focuses upon the concept of sustainable
development and is concerned with achieving that through sustainable production methods. The
methods used to work toward increased sustainability include pollution prevention, design for X,
sustainability indicators, closed-loop and reverse supply chain management, and perhaps most
significantly, life cycle assessment.
A great deal of the literature in this area focuses upon the development of effective
sustainability indicators and a framework for achieving sustainable production. Emerging
methods utilize hybrid methodology that combines various planning approaches.
2.4.2

Extensions Suggested in the Literature
The first group of extensions to the existing research that we will consider includes those

presented by the prominent researchers in sustainable production, pollution prevention, life cycle
assessment. Veleva and Ellenbecker (2000) list a number of shortcomings in the development of
frameworks for sustainable production including:
•

Lack of integration of social and economic aspects of sustainable production

•

Lack of guidance on the implementation of sustainable production indicators

63

•

Use of quantitative indicators to the exclusion of qualitative indicators (i.e. not
sufficient qualitative indicator research)

In addition, a number of researchers in sustainability point out that the sustainable
production frameworks fail to address worker health and safety. Although the work by Veleva
and Ellenbecker (2000) is nearly twenty years old, the research in the interim has not adequately
addressed their concerns.
With respect to pollution prevention research, Hossain, Khan, and Hawboldt (2008)
discuss the usefulness of four different P2 frameworks as tools for developing sustainable
production. A key deficiency noted in current P2 frameworks includes lack of specific guidelines
about which different engineering tools are to be employed and how they are be employed. One
suggestion the authors propose is using LCA as part of the P2 framework in order to extend its
usefulness. The authors propose that a new P2 framework be created that considers health and
safety and that also employs risk-based life cycle assessment.
In the work Critical Review of the Current Research Needs and Limitations Related to
ISO-LCA Practice (Zamagni et al., 2008), eleven leading LCA researchers state a number of
issues that require further research. The authors re-iterate the comments of many researchers in
various environmental research areas that their field (LCA) has not traditionally done enough
research with respect to the social and economic aspects of sustainability.
This prominent group of LCA experts also strongly asserts that consequential LCA
requires a lot more work, especially with respect to marginal costing (Zamagni et al., 2008).
There is a consensus that marginal costing needs input from experts in practical disciplines to
develop consequential LCAs and practical experience to aid future-looking data development.
These researchers repeat the comments from researchers in other environmental specialties that a
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weakness in current environmental modeling is the neglect of consideration of uncertainty in
calculations. In addition, the researchers state that required research should include monetizing
worker health and safety effects and monetization of environmental impacts.
The authors (Zamagni et al., 2008) strongly indicate that further research needs to be
done with respect to the practical application of consequential and hybrid LCA along with
practical and theoretical efforts on the use of LCA in combination with other methods in the
development of the sustainable production framework.
2.4.3

Further Extensions to the Existing Literature
In addition to what the authors in the previous section point out, the literature is clear that

a major shortcoming of all of the methods is that there exist holes in indicators, data, and
applications. Some industries such as steel, plastic, petroleum and automotive have published
extensive LCA data. Several industries have formulated sustainability indicators, and have been
examined in case studies. Other industries, for a variety of reasons, do not have published LCA
or sustainable production data, indicators, and benchmarks. The semiconductor industry is in this
latter classification due to the fact that the industry is relatively young; has an industry culture
that values secrecy; has a large growth rate; and is rapidly evolving.
Another extension visible to the author is that existing case studies and published
research focus upon process tools but do not examine consequential effects and marginal costs
associated with the pollution control devices themselves.
To the best of the author’s knowledge, the literature shows no sustainable production
framework for semiconductor manufacturing. Life cycle analysis research on the semiconductor
industry is scarce, and is exclusively attributional type LCA. For example, a consequential LCA
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modeling approach that examines marginal costs and alternatives for chemical vapor deposition,
etch, lithography, etc., is not to be found in the literature.
The author of this research very much agrees with those researchers who note the absence
of consideration to workplace health and safety in environmental modeling. In addition, there is
an obvious extension to facilitate including the health and safety dimensions which is the
development of sustainability indicators for these factors (as has been done for many other
variables).
Finally, the author notes that the rapidly emerging solar industry, which is itself a subset
of the semiconductor industry, has not seen research upon sustainable production due to its
extremely new nature and volatile technology. The rapidly growing solar sector exhibits heavy
competition in the nature of the production process itself with different companies pursuing very
different manufacturing processes aimed at producing very different product form factors. For
example, some firms use a hydrogen selenide process to produce solar cells on plastic, glass, or
metal while other firms use crystalline growth to produce products that accomplish the same
task. It is not clear to date which technology will emerge as successful. This emerging industry is
characteristically secretive like other semiconductor firms and the literature does not focus on
environmental aspects of the production process.
2.5
2.5.1

Research Design
Contributions of this Research to the Literature
The literature shows examples of sustainable production frameworks for a number of

industries and lists of sustainable production indicators have been published for general purposes
and for industry specific application. However, the semiconductor industry has not been
addressed directly in any of this work. In addition, the works that have been published address
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waste treatment and disposal implicitly, but never explicitly. This study will deliver a sustainable
waste management planning framework for the semiconductor industry. To the best of the
researcher’s knowledge, no such framework exists for the semiconductor industry. This work
will examine the use of various sustainable production planning tools with comprehensive
semiconductor chemical life cycle data and process information that has not previously been
used for this purpose.
Another contribution of this work is that it will explicitly evaluate waste treatment and
disposal considerations as elements of sustainable production. Although there is a large body of
work that considers reuse and recycling, it is important to understand that reuse and recycling are
methods to reduce and delay final treatment and disposal. They are not methods of treatment and
disposal. Current literature often ignores waste treatment and disposal or only implicitly
considers waste treatment and disposal by assuming disposition of the wastes as fixed or
immutable.
2.5.2

Data Needs and Sources
Identification of opportunities for improvement will require data on the magnitude,

toxicity, and other chemical and physical characteristics of the waste streams generated by
semiconductor manufacturers. This information can be gathered from public databases such as
the U.S. EPA’s Enforcement and Compliance History Online (ECHO) Database which provides
access to:
•

Select toxic release inventory data.

•

Water compliance resources including: the Permit Compliance System (PCS) and the
Integrated Compliance Information System (ICIS)-National Pollutant Discharge
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Elimination System (ICIS-NPDES) data systems; (ICIS-NPDES is a modernized data
system containing NPDES data for more than one half of the states).
•

Solid waste information from the Resource Conservation and Recovery Act
Information System (RCRAInfo).

•

Air pollution data from the Air Facility System (AFS).

The ECHO database can be accessed from the website [http://www.epaecho.gov/echo/index.html].
In addition, the U.S. EPA Toxic Release Inventory (TRI) data can be accessed directly
for analysis in spreadsheets or database programs at [http://www.epa.gov/tri/] Similarly, data
from the U.S. EPA Resources Conservation and Recovery (RCRA) biennial reports can be
directly accessed for analysis with spreadsheet or database programs from the web site
[http://www.epa.gov/enviro/html/rcris/rcris_query_java.html].
In addition to national enforcement data, there are many sources of data available from
state regulatory agencies. The U.S. EPA has compiled a list of links to all of the state data
sources at the web page [http://www.epa-echo.gov/echo/more_state_data.html].
Semiconductor industry specific costs, material needs, and case study data can be
accessed from the semiconductor industry’s trade association, Sematech. Sematech’s website
provides access to a significant pool of data and technical documents at the website
[http://www.sematech.org/research/manufacturing.htm].
Life cycle assessment as well as the evaluation of performance against sustainability
indicators requires environmental costing data. LCA data is available in large publicly accessible
databases including those shown in the Table 2.1 below:
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Table 2.1

Publicly Accessible Life Cycle Inventory Databases

DATABASE

ORGANIZATION

WEB ACCESS ADDRESS

CPM LCA
Database

Center for Environmental
Assessment of Product
and Material Systems CPM

http://cpmdatabase.cpm.chalmers.se/

ecoinvent Data
v1.3

ecoinvent Centre

http://www.ecoinvent.org/database/

GEMIS 4.4

Oeko-Institut (Institute
for applied Ecology),
Darmstadt Office

http://www.gemis.de/en/index.htm

ProBas

Umweltbundesamt
(German Federal
Environment Agency)

http://www.probas.umweltbundesamt.de

US Life Cycle
Inventory
Database

Athena Sustainable
Materials Institute

http://www.nrel.gov/lci/

Toxicity and hazard data for chemicals used in the manufacturing of semiconductor chips
is available from the National Institute for Occupational Safety and Health (NIOSH) of the
Centers for Disease Control (CDC) which has a large database of chemical risks, properties, and
safe handling practices that can be accessed at [http://www.cdc.gov/niosh/npg/]. National
Institute for Standards and Technology (NIST) databases, which can be accessed from the
website [http://webbook.nist.gov/chemistry/], can be used to supply necessary chemical
properties and reaction data. This information will be valuable when comparing alternative
processes, assessing risks, and calculating sustainable production indicators.
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2.5.3

Research Approach
Due to the facility-specific and process-specific nature of regulatory compliance, the plan

set forth in this research will only address these issues at a high level. The focus of the research
will be directed at sustainable production waste planning as a continuous improvement upon
solid collect and control practices. This work will address collect and control procedures and
compliance issues in general as the fundamental basis of any plan. It will discuss a systematic
approach to ensure that this foundation to the plan is in place. In particular, this work will
emphasize the management of major waste streams from semiconductor manufacturing. In
addition, an important part of sustainable production is the containment and reduction of
expenses when possible.
With respect to the actual implementation of the plan, the framework follows the waste
planning cycle demonstrated in Figure 2.2.
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Figure 2.2

Sustainable Production Waste Planning Cycle

The “ensure compliance” module would require the firm to identify regulatory limits and
permit restrictions, and this data would be used to select continuous improvement targets.
Clearly, the priority waste stream to reduce is a waste stream for which the firm is in noncompliance with regulations or permits. In addition, waste streams that limit production because
of permit or regulatory ceilings would also be high priority. Finally, waste streams associated
with the largest regulatory expenditures would be targeted. In this research, facility-specific
compliance information is not available. For example, it is not feasible to determine if a given
71

facility has exceeded its permit for organics in the waste water. Instead a case study will examine
a mock example to illustrate the principle involved.
The “identify objectives” module would first act upon objectives discovered in the
“ensure compliance” module. Once the “ensure compliance” module is satisfied, the function of
this module would expand to identify opportunities beyond simple compliance. This process can
draw on either facility-specific data or data from process-specific information. This data is
available on two important, but separate, levels: facility level and process level.
Facility-wide data can be gained from the EPA or state regulatory databases (such as
ECHO) which have been discussed in the data sources section of this document. In this case, this
research can identify facility data established for representative facilities, while specific company
identifiers will be removed. This information is in the public domain to be accessed freely. For
example, TRI data is available at the specific plant level and can be accessed by name and
location or EPA ID number.
Process-specific opportunities may be established to meet specific corporate objectives,
or to improve performance against sustainable production indicators. In addition, individual
department managers may find that their scope is restricted to this level. Process-specific data is
available from trade associations (such Sematech), conference proceedings, and from
semiconductor equipment manufacturers.
The “prioritize opportunities” module will use the framework and a pollution prevention
approach to select targets to examine. The data for this process is the same data used in the prior
two modules. In fact, circumstances or strategy may give a priority on indicators and this priority
may shift with time.
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The next module in the cycle is the “compare solutions for opportunity” module. This
module will require the same data as the previous modules and will also require life cycle data,
economic data, and process-specific data. The LCA data is explicitly available from the LCA
databases previously mentioned. However, in many cases LCA data will have to be calculated
from lower level information which requires process information and some use of engineering
science to determine fates of raw materials. The process information, as stated earlier, can be
gained from equipment manufacturers, trade associations, literature, and conference proceeding
records.
Consequential Life Cycle Analysis will be a primary approach to evaluating possible
changes to current practices. This method emphasizes the marginal costs associated with a
change and recognizes that alternate scenarios require re-defining the systems’ technical
boundaries in order to measure the impact upon the “universe” from the system that is the firm.
2.6

Limitations
The focus of this research is upon achieving higher sustainable management of

semiconductor wastes. This work will not address energy during life cycle analysis since data on
this topic is not as readily available to researchers as is data on materials. This report will focus
upon regulations in the United States and will leave the extrapolation of these methods to other
jurisdictions to future researchers. This research addresses compliance from a general standpoint.
This work cannot address facility-specific permitting issues because that would require an undue
focus on a specific firm.
The approach to the topic will begin with the development of a general waste
management planning framework. This framework will include a high level approach to
regulatory compliance that focuses upon applicable federal laws and permitting issues. In
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addition, the framework will include the continuous improvement development cycle, as a
structured approach to moving from basic practices toward waste management methods that are
consistent with sustainable production. The framework will also address sustainable production
indicators, strategic planning and goal selection, and communication.
Next, the research will consider two case studies that focus upon utilization of the
framework to address several strategic objectives. This section will add to the literature by
accomplishing an important extension to current practice, suggested by much of the literature.
That is, this work will employ practical process information and current data from semiconductor
processes gained from the sources listed above.
Finally, this research will re-examine the initial framework and indicators in order to
integrate the lessons from the case studies with the framework. This will be done to improve the
usefulness of the framework for semiconductor waste management planning. Also, this will
afford an opportunity to evaluate the benefits of using the framework. In this section, the
research will also consider the extension of the framework to non-semiconductor industries in
order to evaluate what portions may need modification and which portions may be a valued
contribution to the current literature for universal application.
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CHAPTER III
RESEARCH FOUNDATION
3.1

Introduction
In general, a framework is a structure that is intended to serve as a guide for the building

of something more extensive. The Federal Enterprise Architecture Framework (FEAF) states
that (a) "Framework is a logical structure for classifying and organizing complex information."
(CIO Council, 2001). A production process framework is a layered structure that demonstrates
what kind of tasks should be accomplished; how those tasks interrelate; and how to measure
progress against key objectives.
A framework should enable the user to assess the current state of the organization and the
framework should serve as a guide to improve progress toward the organization’s goal. In order
to accomplish this objective, the framework should include the identification of key concerns and
objectives and indicate a path to reach those goals. It should include foundation, assessment, and
evaluation structures.
A sustainable industrial waste management framework should enable the user to assess
the current level of sustainability and the framework should serve as a guide to improve the state
of sustainable waste management for the firm. In addition, the framework should serve as a
roadmap to increase sustainability. In order to accomplish this objective, the framework should
include the identification of key concerns and objectives and indicate a path to reach those goals.
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Also, a successful framework will enhance the firm’s ability to make decisions to improve the
sustainability of industrial waste management.
The proposed Sustainable Industrial Waste Management (SIWM) framework is
developed based on a foundation of methodologies, frameworks, research and philosophies
whose groundwork was laid down by process, management, business and improvement giants
including W. Edwards Deming, Walter A. Shewhart, Lawrence Miles, and others.
Although process improvement methodologies and business/management improvement
methodologies are targeting different angles or philosophies to improve organizations, whether
such improvements are for financial, process performance or other aspects related, in a macro
view of these methodologies, they are similar because they share similar components; their
tasks/activities aim to add value to the organization.
3.1.1

From Process Improvement to Sustainable Management
Process is an ambiguous word. That is, it could mean production process, service process,

services process or business process. One of the most intrinsic characters of “processes” is that
processes are dynamic; they are constantly evolving. Such intrinsic character makes process
improving a “moving target”. Since sustainability is a process itself, sustainability is also a
moving target.
In a mathematical set and sub-set view of the relationships between process improvement
and organization improvement:
Process Improvement ϵ Business / Organization Improvement ϵ Business Management
While methodologies are considered as groups of organized tasks developed based on
corresponding philosophies, frameworks are considered as groups of organized methodologies
and plans.
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Problem solving methodologies and product/process improvement methodologies are two
terms with different starting points, but their intentions and goals are the same: make the current
product/process situations achieve better levels.
The steps of problem solving could be generalized as follows:
Philosophies (ideas on solutions) → Plans (propose course of actions) → Methodologies
(application actions/tasks) → Framework (manage actions/tasks as project is system)
Methodologies, frameworks, and models are groups of sub-projects, activities and tasks
which are organized to accomplish certain goals.
The problem-solving mindset has gone from linear and two-dimensional models fixing
immediate problem as soon as possible, to matrix and four-dimensional models: consider
upstream, downstream, other departments and the perceivable future. Thinking ahead of time to
prevent probable problems has replaced fixing the problems after they have taken place.
When one is trying to solve any process problem or simply trying to improve the quality
of the products, their worst trap could be that the balance of the whole system is sacrificed for a
localized fix or improvement. As Dr. Deming pointed out repeatedly in his publications,
organizations should be considered as systems.
Continuous process improvement frameworks intend to not only optimize one process,
but to improve the whole organization. Such improvements include not only increasing product
quality and efficiency, or reducing defects inside the organization; they also include improving
the organization’s financial, customer satisfaction and image situation, as well as benefiting the
society as a whole.
Sustainable organizations rely on sustainable processes, no matter whether these are
production processes, services and/or support processes. Continuous process improvement
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allows a process, as well as the organization, to stay sustainable. These sustainable processes
enable the organization to survive, compete, and grow in a dynamic business world.
The proposed framework for Sustainable Industrial Waste Management (SIWM) would
incorporate Deming’s and others’ business philosophies by expanding current process
improvement methodologies, quality management frameworks and business process
improvement methodologies, which are intended to reduce cost, increase efficiency, increase
profit, by engaging waste management as one of the targets for organizations to achieve more
sustainable process management. In other words, SIWM is taking standard and updated
methodologies and tying them together into a coherent process.
Using mathematical representation of the relationships between sustainable, sustainability
and process improvement, their relationships are believed to be as follows:
Sustainable Industrial Waste Management ϵ Sustainable Process ϵ Sustainable Production
ϵ Sustainability Improvement ϵ Process Improvement
Continuous process improvement methodologies assist product processes, service and
support processes to achieve sustainable operation. Since the proposed Sustainable Industrial
Waste Management framework intends to improve sustainability of organizations, this
framework is considered to belong to the continuous process improvement subset.
3.1.2
3.1.2.1

Brief Description of Other Process Improvement Methodologies
Deming/Shewhart’s Cycle
Deming and Shewhart believed that improving the quality of products could lead to

improvement of processes and subsequently lead to improvement of the organization.
Deming/Shewhart’s iterative four-step cycle was designed to improve quality of products via
control and continuous improvement. The four steps in the cycle are logical and simple, and the
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iteration of the four steps is scientific. The four steps: Plan, Do, Check and Act, guide users
towards continuous improvement in their processes.

Figure 3.1

3.1.2.2

Plan, do, check, act cycle

Carnegie Plan
The Carnegie Plan was developed by engineers at Carnegie Tech (now Carnegie Mellon

University) in 1948. This plan is the same as PDCA with the addition of the initial step: Define
the problem.
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Figure 3.2

3.1.2.3

Carnegie Plan

Value Analysis
Lawrence D. Miles introduced Value Analysis in his book, “Techniques of Value

Analysis Engineering” in 1961 (1961). The web version of the book is now maintained by the
Wendt Commons Library Web Committee. Value Analysis is a multi-disciplined team approach;
through assessing functions and value-to-cost ratio of products, organizations explore
opportuntities for cost reduction, and the subsequently improve the value of products.
While Value Analysis is used to describe the application of techniques on existing
products, and the Value Engineering approach is used for new products, the two terms have been
used interchangeably to describe the cost reduction efforts via value-based processes. Both Value
Analysis and Value Engineering are using similar techniques on different targets to achieve
organization improvements.
3.1.2.4

Quality Circles (1962)
Quality Circles are heavily influenced by Deming’s philosophy that improving quality

would improve productivity. Kaoru Ishikawa has been credited for creating Quality Circles for
quality improvement. Joel Ross and William Ross define a quality circle as a group of employees
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from related works meeting regularly to identify, analyze, and solve product-quality and
production problems, and improve general operations. Since production employees have more
familiar knowledge of the process than management, by involving a circle of such employees to
participate in working together to identify the problems and solve the problems, these employees
can catch the quality control related issues early in the production process rather than postproduction. Also, because early detection of potential problems can reduce costs to fix the
problems and lessen the potential damage, quality improvement carried out by quality circles
leads to improvements in productivity.
3.1.2.5

Zachman Framework
Communication is very important within an organization. Miscommunications and/or

lack of communications can shift or transform problems between departments. “Zachman
Framework for Enterprise Architecture and Information Systems Architecture” is the technical
full name John Zachman used in his article in 1987 for his enterprise architecture (Zachman
1987). Enterprise architecture provides a holistic view of the enterprise. One of the most
important functions of enterprise architecture is that it serves as a communication tool within an
organization. The Zachman Framework is one of the most recognized enterprise architecture
methodologies. However, according to John Zachman, Zachman Framework is not a
methodology because it does not imply any special method or process; instead, John Zachman
referred to his framework as a schema.
Zachman Framework is a six-by-six matrix with six levels of shareholders on the first
column, and six primitive questions on the first row. By integrating the answers from multiple
perspectives to primitive interrogative questions on a set of particular issues, the six-by-six
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matrix in question-response format framework provides a logical platform for organizations to
communicate and describe complex ideas.
Table 3.1

Zachman Framework
What
(Data)

How
(Function)

Where
(Network)

Who
(People)

When
(Time)

Why
(Motivation)

Planner (Objectives
/Scope)
Owner (Business
Model)
Designer
(Information
System Model)
Builder
(Technology
Model)
Sub-contractor
(Detailed
Representations)
User (Functioning
Enterprise)

3.1.2.6

Rummler & Brache Framework
Geary Rummler is a pioneer in Human Performance Technology. Since 1981, Geary

Rummler and Alan Brache have been working on process improvement projects. The Nine
Boxes Model is a framework developed by Rummler and Brache (Rummler & Brache, 1990).
Paul Harmon credited Rummler and Brache for the introduction of the use of swimlanes on
business process diagrams (Harmon, 2003).
Rummler and Brache believe performance is the essential element underneath every
aspect and concern in the operation of an organization. The performance of the organization is
only as good as the performance of the process, and the performance of the process relies on the
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performance of the performers. Therefore, the performers are only as good as the systems they
are in (Rummler & Brache, 1990). Rummler asserts that workers have the right to working
conditions that enable them to perform to their highest ability (Bloem & Vermei, 2009). The goal
of the Rummler & Brache framework is to improve business processes, strategies and
capabilities.
The Rummler & Brache Framework is comprised of a comprehensive set of improvement
levers. The Nine Independence Performance Variables framework is depicted as a three-by-three
matrix. The three levels of performance are the organization, process and performer or people;
the three performance dimensions are goals, design and management. Together, these variables
form the Nine Boxes Model. This model identifies nine different concerns within the
organization. The framework structure is shown in Table 3.2.
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Table 3.2

Rummler & Brache Nine-box Framework
Goals

Design

Management

Organization

Strategy, operation

Organization structure

Performance review

level

plans and metrics.

and overall business

practices and

model.

management culture.

Customer and business

Process design, systems

Process ownership,

requirements.

design, and workplace

process management,

design.

and continuous

Process level

improvement.
Performer
level

Job specifications,

Job roles and

Performance feedback,

performance metrics,

responsibilities, skill

consequences, coaching,

and individual

requirements,

and support.

development plans.

procedures, tools, and
training.

Figure 3.3

Relationship between different levels of Organization as depicted by Rummler and
Brache
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3.1.2.7

SEI’s Capability Maturity Model (CMM) / Capability Maturity Model
Integration (CMMI)
After observing that the quality of software product was directly related to the quality of

development processes, Watts Humphrey and his colleagues at IBM developed the concept of
the process maturity framework (Curtis, Hefley & Miller, 2009). Humphrey continued to design
a process maturity framework to assist organizations in continuous process improvement through
the years. Philip Crosby’s work on quality management (Crosby, 1979) is credited for the staged
structure used in the current Capability Maturity Model (CMM) model.
The first Capability Maturity Model (CMM) was developed at Carnegie-Mellon Software
Engineering Institute (SEI) for the United States Air Force. It was intended for the objective
evaluation of government software subcontractors’ process capability maturity in the 1980s. As
time passed, the concept and approach of this model were adopted and applied beyond the
government. This framework has been used in organizations for process improvement. Maturity
models have been developed to assess the maturity of a selected area based on a comprehensive
set of criteria. This framework can be used to evaluate and compare the basis for improvement
within an organization.
CMM provides a framework for organizations to understand their processes as well as
improving processes and business performance. CMM emphasizes that well-defined processes,
goals and practices are vital to the organization’s success. The basic principle underlying CMM
is that quality of software can be improved through implementation of mature processes since
mature processes tend to yield highly predictable results, and the risks associated with unknown
variables and situations are reduced.
Capability Maturity Model Integration (CMMI) is the successor of CMM. CMMI was
developed to resolve the problems observed during the applications of CMM. Such problems
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include overlaps, contradictions, lack of standardization, and integration difficulties. Since it can
be integrated, CMMI can be used to guide process improvement across projects, divisions and
the whole organization. As a process improvement approach, CMMI provides organizations with
the necessary components for effective process measurement. The focus of CMM is not the
enterprise architecture plan but the development process itself. CMM helps organizations to set
their process improvement goals and priorities, and the structure of CMM allows organizations
to record and measure the processes. There are different CMMI models: CMMI for acquisition,
CMMI for development, and CMMI for services, etc. Each CMMI model contains sixteen core
process areas, and these process areas contain practices.
SEI’s CMM uses five process maturity levels to describe the levels of maturity of
products or stages in an organization. Each level in CMM is a stage of organization maturity that
represents an evolutionary stage of process capability for continuous process improvement.
The five levels of process capability maturity are:
1) Initial level (Immature)
2) Repeatable level
3) Defined level
4) Managed level
5) Optimized level
Moving through the levels is a sequential process. Each maturity level solves different
problem types and different benefits appear at each level. Since each level is built upon the
foundation of the previous level, skipping a level can yield counter-productive results.
Mismatching levels in different process areas of the same project can diminish the chance of
improvement.
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Within each of the maturity levels, except the first level, are a series of key process areas
(KPAs). These KPAs are the focus of enhancements for that particular level. There are five
definitions identified in each of the KPAs: (1) goals, (2) commitment, (3) ability, (4)
measurement, and (5) verification. The KPAs are not necessarily unique to CMM.
CMM is not a quick fix model. It may take years for organizations to see measurable
improvement. The focus of CMM is the organizational process capability; CMM does not
consider the performance and capabilities of the model users, nor that of the hardware used in the
model (Smith, 2004). CMM normally handles what processes should be implemented, but it does
not tell the users how these processes can be implemented. The flexibility of CMM allows users
to extend the model’s applications on areas beyond the software field. But this flexibility also
requires organizations to customize the model for implementation in their specific environments
while maintaining the ability of the model to evaluate the organization’s improvement.
3.1.2.8

Other Methodologies
Value Analysis evolved into Measure, Analyze, Improve (MAI), while Six Sigma

methodology is an integration of MAI with an additional Control step.
The Define-Measure-Analyze-Improve-Control (DMAIC) improvement cycle is a datadriven improvement model that aims at improving, optimizing, and stabilizing business process
and designs. DMAIC is considered the core philosophy behind Six Sigma management.
The Six Sigma quality improvement model follows the DMAIC philosophy. Six Sigma
methodology employs sets of strategies, techniques and tools for process improvement. By
following the five steps of DMAIC, Six Sigma methodology enables users to identify and
remove the defects in the process, and reduce variations across the process thus improving the
quality of process.
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The Japanese word “Kaizen” means continuous improvement. The continuous
improvement expands in many dimensions and in different levels, including product quality,
technology, processes, productivity, safety, as well as company culture and leadership. Kaizen
evolved from Quality Circles principles and the Just-in-Time concept. Both apply multifunctional teams to improve quality and productivity of the organization.
3.1.2.9

Other Contributors to the Process Improvement Movement
In addition to Deming, Shewhart, Lawrence D. Miles, John Zachman, Geary Rummler,

Alan Brache, Michael Porter, and the people related to the methodologies that have been
described in this research, there are many significant contributors to the process improvement
movement.
The following is a short list of major process improvement contributors and their quotes
and contributions:
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Table 3.3

Process improvement contributor examples

Contributors

Quotes / Contributions

Sir William
Thomson

“…when you can measure what you are speaking about, and express it in
numbers, you know something about it; but when you cannot measure it,
when you cannot express it in numbers, your knowledge is of a meagre
and unsatisfactory kind; it may be the beginning of knowledge, but you
have scarcely, in your thoughts, advanced to the stage of science,
whatever the matter may be.”1

(Lord Kelvin)
(1824-1907)
Henri Fayol
(1841-1925)

“To manage is to forecast and plan, to organize, co-ordinate and to
control.”
Fayol’s six major functions of management are: Forecasting, Planning,
Organizing, Commanding, Coordinating, and Controlling.

Frederick
Winslow Taylor

“In the past the man has been first; in the future the system must be first.”
Taylor is regarded as the father of scientific management.

(1856-1915)
Henry L. Gantt
(1861-1919)

“Whatever we do must be in accord with human nature. We cannot drive
people; we must direct their development…The general policy of the past
has been to drive, but the era of force must give way to that of knowledge,
and the policy of the future will be to teach and to lead, to the advantage
of all concerned.”
Gantt is the developer of the Gantt Chart in the 1910s.

Joseph Moses
Juran

“Without a standard there is no logical basis for making a decision or
taking action.”

(1904-2008)

“All improvement happens project by project and in no other way.”
“It is most important that top management be quality-minded. In the
absence of sincere manifestation of interest at the top, little will happen
below.”
Juran is the creator of the Quality Trilogy”, which consists of Quality
Planning, Quality Improvement, and Quality Control.

1

William “Lord Kelvin” Thompson. Lecture on “Electrical units of Measurement” (3 May 1883),
published in Popular Lectures Vol. I, p.73
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3.1.2.10

Criteria, Stages or Phases, Requirements Suggestions

The following three sources have identified some of the necessary criteria, stages or
phases of a process improvement framework:
(1) In their workflow modelling book, Alec Sharp and Patrick McDermott (2001) point
out the four phases that are necessary for process improvement; in addition, they also identify the
elements of a successful process improvement methodology. Sharp and McDermott’s approach
includes four phases: (1) frame the process, (2) understand the current process, (3) design the
new process, and (4) develop use-case scenarios. Sharp and McDermott believe that a successful
process improvement methodology needs to contain process modeling techniques, frameworks,
guidelines, phases, and steps because these are the ingredients for such a methodology being
complete, repeatable and learnable.
(2) Singapore Innovation & Productivity Institute (SiPi) of Singapore Manufacturing
Federation (SMF) developed an 8-step process improvement framework. It believes this
framework can be used as a standard process improvement and problem solving model.
The eight steps include:
1) Identify opportunities / scope of project
2) Establish baseline performance
3) Analyze current process and define desired outcome
4) Identify root causes and proposed solution
5) Prioritize, plan and test proposed solution
6) Redefine and implement solution
7) Measure progress and hold gains
8) Acknowledge team, share and communicate results
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(3) Process Improvement Methodology by University of Michigan
According to Information and Technology Services at the University of Michigan, its
process improvement methodology includes six phases (University of Michigan information and
technology services, 2013). Process improvement.:
1) Scope
2) Document and analyze
3) Redesign
4) Implement
5) Operate
6) Review and evaluate
And these six phases support the four major stages:
Stage 1: Identify
Stage 2: Improve
Stage 3: Manage
Stage 4: Measure
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Improve

Measure

Identify

Manage

Figure 3.4

Process Improvement Methodology by University of Michigan

The methodologies mentioned above are a very short list of problem-solving, process,
business improvement methodologies / frameworks. Each of them has been the topic of numbers
of research papers. Some methodologies / frameworks have been created and replaced as
technologies are moving forward and business operations are growing globally, while some have
evolved and become the seeds for other methodologies.
As time passes, process / business improvement methodologies have evolved in the
following manner based on this research:
Linear models → Holistic / Systematic cyclic models;
while Post-action tasks → Proactive tasks
3.1.3

Similarities among Process Improvement Methodologies/Frameworks
Some methodologies/philosophies stand strong for decades, while some methodologies/

philosophies are being replaced due to different reasons, such as changes in society and or
economic evaluation. The above list of process improvement methodologies/frameworks is not a
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completed or exclusive list. These are some examples of methodologies/frameworks in the
literature world.
Each process improvement methodology/framework has its explicit target or theme;
either it is quality or cost. But in general, based on observation, almost all continuous process
improvement frameworks tend to include the following characteristics:
•

Loops or cycles of stages/steps

•

Incremental actions/elements

•

Learnable results

•

Project requires teamwork from multi-disciplines

Also, similar stages/steps appear among continuous process improvement frameworks:
•

Identify problems/opportunities

•

Assess situations

•

Set scopes

•

Implement actions

•

Check responses

At the dawn of improvement methodologies/frameworks, the frameworks were problemsolving and or quality-improvement oriented. There was a problem that needed to be solved and
or situation which was believed to be improvable. Then a solution was developed to solve such
problems or improve a certain quality of such products. The goals of the solutions were very
clear, and the people involved in solving the problems and improving quality were very focused.
These solutions were intended to resolve the current situations promptly.
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As time passes, these problem-solving/quality-improvement people realized that the
stages/steps required to solve one problem or to improve quality in one product are adaptable to
solve other problems and or improve quality in other products. By framing such stages/steps into
systematic formats, these problem-solvers/quality-improvers developed sets of guidelines or
methodologies to help others to solve their problems and improve quality of their products.
In many methodologies/frameworks like Lawrence Miles’ Value Analysis and Six
Sigma, the problem-solving tasks are direct and very focused, such as reduce cost, or increase
quality.
Business Process Improvement (BPI) was documented by H. James Harrington in his
1991 book: “Business Process Improvement: The Breakthrough Strategy for Total Quality
Productivity, and Competitiveness”. BPI is a systematic approach for organizations to achieve
more efficient results through process optimization. BPI has been credited for cost reduction,
cycle reduction, as well as quality improvement. While Total Quality Management (TQM) and
other continuous process improvement methodologies alike engage in a series of incremental
changes in processes, BPI methodologies embraces radical change of re-engineering the
organization’s operations.
Although the focuses of BPI methodologies and other Continuous Process Improvement
(CPI) methodologies are not exactly the same - BPI is on more services and support processes,
while CPI is on production processes - the core ingredients of BPI and CPI methodologies are
similar: plan, do, check and act, and their goals are to assist organizations to achieve more
efficient results.
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During his un-relenting work on business improvement, Deming published another
breakthrough philosophy: theory of profound knowledge. Deming’s theory of profound
knowledge embraces four components:
1) Appreciation for a system
2) Knowledge about variation
3) Theory of knowledge
4) Knowledge of psychology
Knowledge is not method nor technique, but rather concept and theory. Deming believed
such knowledge is necessary for organizations to achieve efficient management. Accomplishing
his theory of profound knowledge, Deming offers a Fourteen-Point philosophy in his 1982
management book, “Quality, Productivity, and Competitive Position” which was published by
the MIT Center for Advanced Engineering and later re-named “Out of the Crisis” in 1986
(Deming, 1986). These fourteen points are corresponding to the knowledge, and they become
key management principles for helping organizations to improve product quality and
effectiveness.
TQM, Kaizen and Six Sigma can all be traced back to Deming’s philosophy; quality
management is the most vital root for the success of business, no matter whether it is product
quality, process quality or service quality, etc. His philosophy can be depicted in the format of a
chain of reaction:

Quality → ↓ Expenses →

Productivity &
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Market Share

3.1.4

The Evolution of Sustainable Production Frameworks
As mentioned in the review of the literature, the study of sustainable production is a

relatively new field, with most work having been accomplished since the late 1990’s. An
extension that is almost universally agreed upon in the literature of Life Cycle Analysis (LCA)
and Reverse Logistics (RL) recognized the need to extend the approach of these methods to a
more global scope that focused upon sustainable production. This is in contrast to historical
practice that emphasizes minimizing environmental and economic cost. Unfortunately, the more
limited and non-synergistic use of individual methods, such as LCA and RL, does not adequately
serve decision-makers who are required to assess and evaluate their operations in terms of
internal and external impacts. A need has therefore been identified throughout the literature (see,
for example, Labuschagne and Brent, 2004 and Labuschagne, etc. 2005) to develop a
comprehensive framework of sustainability that focuses on operational practices in the
manufacturing sector, and more specifically, the assessment of sustainability performance, and
the improvement of a firm’s sustainable production achievement.
Most frameworks published to date are of general nature and set forth hierarchies of
sustainable production indicators (metrics). That is, these frameworks propose a hierarchy of
sustainable development and appropriate indicators for each level. The Lowell Center for
Sustainable Production (LCSP) Indicator Framework put forth in 2001 in work by Veleva and
Ellenbecker (2001) is one such approach. This work contrasts with other efforts in that it
emphasizes the importance of developing more sophisticated indicators over time based upon the
level of realization of sustainability. This framework provides guidance and indicators
appropriate to the level of organizational sustainability achieved thus far. As the firm’s
sustainability level rises, the indicators become more sophisticated. Veleva and Ellenbecker
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(2001) emphasize that the process of improving sustainability is not static, and lower levels
should be re-examined periodically. Also, Veleva and Ellenbecker state that the indicators should
become more meaningful as the firm’s sustainability efforts become more sophisticated. The
hierarchical structures of the most significant indicator frameworks are shown in Figure 3.5
through Figure 3.8

Figure 3.5

Hierarchical view of the United Nations Environmental Program (UNEP) and
Coalition for Environmentally Responsible Economies (CERES) Global Reporting
Initiative (GRI) framework for sustainable production released in 1997
(Labuschagne, Brent, and van Erck,2003
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Figure 3.6

Hierarchical view of the Institute of Chemical Engineers (IchemE) framework
(2002) of sustainability metrics (Labuschagne, Brent, and van Erck, 2003

Figure 3.7

Hierarchical view of the United Nations Commission for Sustainable Development
(CSD) Framework from 2001 (Labuschagne, Brent, and van Erck, 2003
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Figure 3.8

Hierarchical view of the Lowell Center for Sustainable Production Indicator
Framework (Veleva and Ellenbecker, 2001)

Veleva and Ellenbecker also put forth a modified continuous improvement model based
upon the work of James and Bennet (Bennett, James & Klinkers (Eds.) (1999) (Veleva &
Ellenbecker, 2001), for implementing sustainability indicator frameworks. This work
demonstrates an advance in that it recognizes the cyclical nature of the continuous improvement
approach to sustainability. A graphical illustration of this method is shown in Figure 3.9.
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Figure 3.9

Continuous loop model for implementing an indicator framework (Veleva and
Ellenbecker 2001)

In 2006 Rossi, Tickner, and Geiser (2006) published a sustainable production framework
entitled Alternatives Assessment Framework. This document puts forth a framework for
assessing alternatives to further sustainable production. This sustainable production framework
is shown in Figure 3.10. It can be observed that this more recent framework provides a great
deal more guidance on the continuous improvement of a firm towards sustainable production.
Rossi, Tickner, and Geiser divide stages of the process into groupings that they refer to as
modules. The framework has three explicit modules which include: (1) a goal-setting, scoping,
and decision-criteria-setting stage; (2) an opportunity identification stage; and (3) an evaluation
and comparison stage. In addition, there is a fourth functional group that is not developed as a
full module which is left for later development entitled: “Select and Implement Preferred
Alternative(s)”
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Figure 3.10

Alternatives Assessment Framework by Rossi, Tickner, and Geiser (2006)
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3.2
3.2.1

Proposed Framework for Sustainable Industrial Waste Management
Overview
The framework that is developed in this research is intended to serve as a guidance

document for the person charged with coordinating the environmental, health, and safety
operations of an organization. The user may be an employee of the firm or an outside consultant
charged with this responsibility. One assumption (included in the framework) is that the user of
the framework will have the authority to access resources across the organization and implement
change. Another assumption of the framework is that the organization recognizes the nonmonetary benefits associated with sustainable waste management and will allocate budget
accordingly.
The framework itself serves as a guidance document written as a specification
accompanied by a number of checklists, flowcharts, and examples to serve as a roadmap to
improve sustainability. The dissertation will provide background and development material and
offer extended explanations of the history, rationale, and methodology of the framework.
3.2.2

Developing a Framework upon Other Frameworks and Methodologies
The Sustainable Industrial Waste Management framework is considered an aggregation

of process/business improvement philosophies and a derivative of many process improvement
methodologies/frameworks that exist in the research and business world. It provides information
on resources and tools and lists of tasks and actions along the cyclical path for users to execute
their projects. The framework does not generate a solution for users, but it provides users
information on resources and tools which are available to help users make their decisions.
The mathematical representations of the relationships between sustainability and
industrial waste can be viewed as follows:
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Sustainability [Process, Production, Product, Development, etc.] = Function of (Wastes,
Technologies, Regulations, Economic environment, Society responses, Incentives, Cultures, etc.)
While,
Industrial waste = Function of (Process, Technology availability, Government
regulations, Resources: Materials and Energy, Organization culture, Human performance,
Financial feasibility, Industry practices, etc.)
3.2.3

Introduction of Measurement of Improvement
When one wants to make any improvement on a subject, choosing appropriate actions are

not the only question one has to ponder. The immediately following questions are regarding
measurements. When sustainability improvement is the goal of a project, there are at least four
major questions regarding measuring sustainability or process improvement: (1) what to
measure, (2) how to measure, (3) when to measure, and (4) how to /what represent and interpret
the results. Without a comprehensive set of measurements on the actions or tasks, no matter
whether these measurements are qualitative or quantitative in nature, nobody can prove whether
these actions have made any impact on the subjects in definite terms. We cannot emphasize the
importance of measurement more succinct that the famous quote by Sir William Thomson (Lord
Kevin) “If you cannot measure it, you cannot improve it.”
There are different attributes in measurements beyond just categorizing them as either
qualitative or quantitative, for example, absolute, relative, and time-base metrics.
•

Indicators quantify attributes to characterize actions or tasks; they allow users to
compare the attributes and measure performance.

•

Metrics provide means to quantify indicators.

•

Targets are the basis for tracking the progress of activities.
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Clark A. Miller, author of “Creating Indicators of Sustainability, A Social Approach”,
presents a group of criteria required for being good sustainability indicators (Miller, C.A. 2007):

•

Relevance to policy and people

•

Simple to understand

•

Verifiable, reproducible and reliable

•

Capable to reflect tends in data

•

Affordable for users

•

Capable of providing aggregate information for broader topics

•

Adaptable, flexible and sensitive to changes

Indicators themselves have attracted a lot of attention from researchers. There are
research papers dedicated to creating indicators, criticizing or ranking developed indicators,
standardizing indicators, or creating guidelines on indicators. Some of these research papers will
be covered in following chapters.
3.3
3.3.1

Research Approach
Review of Life Cycle Analysis
The fundamental philosophies behind the proposed SIWM framework are based upon

those of developed frameworks and methodologies. SIWM framework is a derivative framework
that is based on knowledge from existing process improvement frameworks and methodologies.
It is the explicit theme of targeting “waste” that makes this framework unique. The SIWM
framework intends to provide users a comprehensive framework, which embraces known
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resources and tools, to improve sustainability within the organization when the users’ targets are
industrial wastes.
International Organization for Standardization (ISO) is the world’s largest developer of
voluntary international standards. Since it was founded in 1947, ISO has published more than
19,500 international standards which cover most aspects of technology and business. These
standards help business to operate more efficiently and effectively. The Plan-Do-Check-Act
(PDCA) cycle underlies all ISO management systems standards.
In response to “Sustainable Development” proposed at the 1992 United Nations
Conference on Environment and Development in Rio de Janeiro, ISO established Technical
Committee (TC) 207 in 1993. ISO/TC 207’s task is to standardize tools and systems in the field
of environmental management. The ISO 14000 family of standards is a series of international,
voluntary environmental management standards, guides and technical reports published under
TC 207.
Some of the standards related and covered in ISO 14000 - environmental management
include:
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Table 3.4

Environmental management related ISO series
ISO series

Standard areas

ISO 19011

Environmental auditing and EMS auditing

ISO 14001

Requirements and guidance for use

ISO 14004

General guidelines on principles, systems and support techniques

ISO 14010 – ISO 14015

Guidelines for environmental auditing

ISO 14020 – ISO 14024

Environmental labels and declarations

ISO 14031 – ISO 14032

Environmental performance evaluation

ISO 14033

Quantitative environmental information

ISO 14040

Life cycle assessment

ISO 14045

Principles and requirements for Eco-efficiency assessment

ISO 14050

Terms and definitions

ISO 14062

Integrating environmental aspects into product design and
development

ISO 14063

Environmental communication

ISO 14040, Life cycle assessment – Principles and framework has stated that: Life cycle
assessment (LCA) is an analytical method used to evaluate the resource consumption and
environmental burdens associated with a product, process, or activity by accounting inputs and
outputs through the system from cradle-to-grave (ISO 14040:1997(E), 2006).
ISO. (1997) Environmental management - Life cycle assessment - Principles and
framework. ISO 14040. The International Organization for Standardization, Geneva.
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Figure 3.11

The Four-Phase iterative process of ISO 14040-LCA framework

Figure 3.11 is frequently used to describe the four-phase iterative process of ISO 14040 –
LCA framework.
Life cycle assessment (LCA) of ISO 14000 series – Environmental Management, not
only shares the same philosophy with SIWM framework that sustainability is important to
organizations, LCA also embraces volumes of practical tools and resources for users to
participate in an organization’s sustainability improvement.
LCA has been developed and accepted by many experts and countries. The standards
around LCA, covered mostly in the ISO 14000 series, have been updated and reviewed
frequently. However, as good and mature as the LCA is, the assessment could be too
overwhelming for non-LCA experts to apply on their projects.
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The Safer Products and Workplaces Program (SPWP) under Pollution Prevention (P2)
title of California Department of Toxic Substances Control are using LCA to compare the
consequences of various hazardous waste management methods. Other major sources of
information related to LCA are the U.S. Life Cycle Inventory (LCI) Database, European LCI
Database and Inventory of Carbon and Energy by University of Bath. These three life cycle data
sources are provided by the American Center for Life Cycle Assessment (ACLCA).
One of the goals of the SIWM framework is to aid framework users who are not LCA
experts to make well-informed sustainability improvement decisions.
In the following chapters the proposed SIWM framework will be applied to case studies.
Such demonstration will illustrate the operations and functions of this framework.
3.3.2

Foundations of this Framework
The proposed SIWM framework builds upon two sustainable production frameworks: the

Alternatives Assessment Framework developed by Rossi, Tickner, and Geiser (2006) and the
Lowell Center for Sustainable Production (LCSP) Indicator Framework developed by Veleva
and Ellenbecker, first published in 2001. These two frameworks are complementary, but each
includes elements missing from the other. These two frameworks form the foundation that will
be expanded upon in this research. The SIWM framework will draw upon indicators of
sustainable production from these two frameworks as well as other frameworks mentioned in the
review of the literature. Also, the research will explore modifications to existing sustainable
production indicators to make them more usable as metrics for industrial waste.
One of the objectives of this work is to bridge the gap between the Alternatives
Assessment Framework and the Lowell Center for Sustainable Production (LCSP) Indicator
Framework. In addition, we will expand upon these works by providing more extensive
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elaboration on the implementation of the components in the resulting composite than is present
in these two frameworks. Also, the focus of the SIWM framework is on the management of
industrial waste as an element of sustainable production, while the Rossi and Veleva frameworks
focus upon the product and service stream with minimal consideration regarding the waste
stream. The primary goal of this research is to provide a framework for sustainable industrial
waste management similar to that available for sustainable production.
3.3.3

Contributions of this Research
The SIWM framework builds upon established framework theory and practice by

consolidating the efforts of several researchers into a more comprehensive framework. Also, this
framework will extend previous work by providing detail and focus where the prior work was
more general. Additionally, the framework will develop the strategic and implementation
activities in much greater detail than has been done to date.
In addition to the contributions already referenced, the most significant contribution of
this work is that it focuses upon industrial waste management and decision making with
reference to industrial waste. This is in contrast to existing frameworks that focus upon the
product and service streams and treat industrial waste as immutable for any given set of process
conditions.
3.3.4

Hierarchical View of Framework
The proposed framework consists of six modules. Each module addresses a core group

of activities that are essential for sustainable industrial waste management. The framework itself
is a roadmap that includes operating procedures, checklists, flowcharts, and questionnaires to
help guide the user to promote sustainability in the organization.
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Figure 3.12 shows a hierarchical view of the proposed sustainable industrial waste
management framework. The activities are executed as a continuous cycle, although module
zero is not expected to be executed as frequently as the others. This hierarchical view provides
an overview of the activities and coordination of the framework elements. Each of the six
modules in the hierarchical view corresponds with related activities required to continuously
improve sustainability. Within each module, the blocks represent major elements needed to
accomplish the function of the module. Within each element (block) are a number of activities,
requirements, and objectives. This layout allows for the presentation of the entire framework as
an operating specification to be used as a detailed roadmap to manage sustainability. This will
allow the end user to more effectively organize working groups, assign responsibilities, and
ensure that all needed tasks are accomplished.
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Figure 3.12

Hierarchical View of Sustainable Industrial Waste Management Framework
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As mentioned earlier, module zero will not be executed as frequently as the other five
modules. This does not indicate that module zero is less important than the other modules.
Module zero is very important, because without a clear mandate from senior management,
sustainability efforts will fail. The normal operating cycle for continuous improvement of
sustainable industrial waste management is as shown in Figure 13. Note that this figure considers
that on some iterations module zero may be bypassed (as corporate level strategy is not modified
very frequently).

Figure 3.13

Continuous Improvement Cycle of the Framework for Sustainable Industrial Waste
Management
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3.3.5

Structure of the Framework
Table 3.5 shows how the hierarchical framework structure represented in Figure 3.13 will

be expanded into a detailed framework that will be useful as a guidance tool. The final
framework will be a planning specification that is comprised of procedures, flowcharts,
checklists, and templates. For purposes of demonstration, this expansion only goes into the
second level of the specification, and gives a limited number of examples of the types of
elements that will be in the final document.
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Framework
Element

Components of
Element
1.) Develop a specification or
checklist to identify relevant
environmental, health, and safety
impacts

Example of Component in
Framework

Description and Notes

SIWM framework’s modules, components and elements

0.1:
Identification of
Stakeholders
and Drivers

Develop flowchart to facilitate the
following:
1.) Identify those NGOs that have
had concerns about the firm in the
past

2.) Develop a flowchart and or
specification to determine relevant
regulatory agencies

0.1.1: Identify
governmental
agencies that
interact with the
facility

0.1.2: Identify nongovernment
organization (NGO)
interest groups of
concern

2.) Identify those NGOs that have
been active on EHS issues relevant
to the firm’s current activities who
have not yet spoken up
3.) Identify those NGOs that may
have concerns with new or alternate
firm activities
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The zero module activities occur far less
frequently than subsequent framework
modules. They are prerequisites for an
effective sustainable waste management
framework.

Module zero is the corporate planning
module. For truly sustainable waste
management there must be commitment and
direction at the top level of the organization.
Sustainable industrial waste management
requires consideration of environmental
policy at the strategic planning stage and
requires commitment of resources and
authority by top-level management. In
addition, it is expected that top management
will set overall goals and priorities for the
organization’s sustainability efforts.

Table 3.5

MODULE 0: Foundation Goals and Prioritization

Table 3.5 (continued)

0.2:
Identification of
Goals and
Selection of
Measurable
Objectives

0.3:
Specification of
Corporate
Decisionmaking
Guidelines

0.2.2: Select
measurable
objectives to
monitor the goals

0.2.1: Set goals and
expectations for
sustainable waste
management

0.1.4: Determine
overlap with
corporate mission
and strategy

0.1.3: Identify
ownership
objectives and
concerns

1.) Sample project mandate and
decision making guidelines.
Discussion of task

1.) Discussion of strategic
objectives and targets. Sample
directive to task force

1.) Discussion of leadership at the
top and sample directive on
priorities and goals

1.) Prepare guidance and template
for reconciling corporate values and
strategy with the firm’s
environmental footprint

2.) Sample stockholder proxy

1.) Sample policy statement and
discussion of ownership interests

0.3.1: Identify and
specify corporate
decision-making
guidelines
0.3.2: Identify the
decision-makers

1.) Discussion of required
delegation of authority and example
mandates
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It is necessary for sustainability to have
corporate level goals in order to focus the
organization.

This section addresses the fact that clear
direction, resources, and mandate from upper
management are vital components of
success.

Table 3.5 (continued)
0.4:
Establishment
of Budget for
Sustainability
0.5: Assign
Responsibility
and Delegate of
Authority

0.4.1: Establish and
allocate budget for
the projects

0.5.1: Assign
responsibilities and
delegate authority

1.) Discussion and sample team
structure, roles, and responsibilities

1.) Discussion and sample budget
guidance

Budgeting guidelines must be put forth in
advance so that the project managers do not
focus upon tasks that are not feasible to
implement.

This is the primary user of this framework.

Those responsible for implementing the
sustainability effort require the authority to
tap corporate resources. In addition, clear
responsibility must exist for completion to
ensure success.
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1.2:
Identification
and
Characterizatio
n of all
Potential
Industrial
Wastes

1.1:
Characterizatio
n of Processes
with Potential
to Produce
Industrial Waste

Table 3.5 (continued)

MODULE 1: Ensure Compliance

1.1.1: Audit
production
processes and
support activities
for potential to
generate waste

1.2.1: Identify
federal, state,
county, etc.,
government permits
required for firm to
operate

1.) Develop material disposition
process and audit form (includes
reconciliation between waste and
purchases)
2.) Prepare process and form for
determining potential to emit that
projects worst case and typical
waste generation
3.) Prepare protocol for projecting
future changes to waste generation

1.) Develop a flowchart to identify
regulatory authorities with
jurisdiction and relevant
compliance requirements
2.) Provide guidance and sample
specification to classify and catalog
regulatory requirements
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In this section it is necessary to complete a
mass balance upon the system to ensure we
account for all material deposition as either
product or waste. We accomplish this by
identifying chemical, water, and material
purchases for the system and identify the
users of that material and query users as to
the disposition of that material. We couple
this activity with an accounting for prior
waste generation to confirm. In addition, we
must explore the potential for future changes
from changes in production, efficiency,
product mix, or an environmental excursion,
etc.

The highest priority for sustainability is
compliance with all regulations. There are
several reasons for this:

1.) Failure to comply will result in fines or
closure,
2.) Local and national regulations are often
key indicators of basic sustainability,
requirements as determined by
government and citizen stakeholders.

This section is designed to identify
appropriate regulations and ensure continued
compliance.

Table 3.5 (continued)

1.3: Ensure
Compliance
with
Appropriate
Permits and
Regulations
1.3.2: Set up
routine inspection
on both paperwork
and physical
operations

1.3.1: Review
operational permits

1.2.3: Estimate
quantity and
environmental
impact of potential
industrial wastes

1.2.2: Characterize
potential industrial
wastes

1.) Specification for routine
inspection

1) Check list of required
operational permits
2.) Prepare summary form or
specification for requirements

1.) Develop form (and procedure)
to characterize potential industrial
wastes

1.) Develop audit specification for
waste audit and classification
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2.1:
Identification of
Opportunities
that Address
Regulatory
Defects

Table 3.5 (continued)

MODULE 2: Identify Opportunities

2.1.2: Identify
potential future
environmental
excursions

2.1.1: Target
environmental
regulatory
violations

1.) Develop specification for
recording all accidents

1.) Develop procedure/form to
project possible excursions due to
lower limits or increased
production of waste

1.) Develop specification for
In this section we begin to identify areas for
proactively monitoring for
improvement. The highest priority for
excursions
inclusion in consideration must be given to
those opportunities that address past or future
2.) Develop specification for central safety and environmental excursions.
record of all regulatory authority
action and internal excursion
records

2.) Develop specification for central
recording of all reportable and nonreportable accidents

2.1.3: Target past
safety incidents

2.1.4.: Identify high
safety risk activities

1.) Develop sample charter for
internal safety group to identify
dangers
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Table 3.5 (continued)
2.2:
Identification of
Opportunities
that Reduce
Waste Volume

1.) Describe task force organization
and departmental/employee
feedback program

2.2.1: Identify and
list the highest
volumes of waste
categories

Waste volumes can be obtained from waste
disposal history and from feedback from
operations personnel. A key component of
the framework is enabling the information
network to gather records and obtain internal
participation. A task force can be an
effective way to accomplish this.

1.) Develop specification or sample
forms to identify high-cost waste
streams

1.) Prepare sample questionnaire
and discuss the process

Send out questionnaires and /or surveys to
identified stakeholders regarding their
concerns on firm’s behaviors. In larger
organizations soliciting feedback from
shareholders may require proxies or
discussion at shareholder meetings.

2.) Develop process/forms to score
waste toxicity/impact

2.3.1: Identify the
most toxic wastes
to humans and the
environment

2.4.1: Gather
stakeholders’
concerns via
questionnaire
and/or surveys

1.) Create a characterization scoring The volume of waste is important but the
system consistent with accepted
toxicity of the waste or the local impact may
international standards
be more critical than the volume, so it is
imperative that the characteristic of the waste
be considered in addition to the mass.

2.4:
Identification of
Opportunities
That Address
Key
Stakeholder
Concerns
2.5.1: Review
waste disposal cost

2.3:
Identification of
Opportunities
that Reduce
Waste Toxicity
or Local Impact

2.5:
Identification of
Opportunities
that Reduce
Costs

Waste represents inefficiency. Costs of
waste not only include the obvious disposal
charges but also wasted raw material and
excessive capacity utilization. A key task in
achieving greater sustainability is
maximizing resource usage efficiency.
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3.2:
Prioritization of
Goals

3.1:
Identification of
Goals
Addressed by
Each
Opportunity

Table 3.5 (continued)

MODULE 3: Prioritize Opportunities

3.1.1: Elaborate the
benefits of the
opportunity in
terms of
sustainability goals

2.5.2.: Identify
waste streams that
represent
inefficiency or loss
of high-cost raw
materials
1.) Demonstrate procedure or
template to identify the goals met
by a potential project

1.) Develop feedback forms and
processes to identify inefficient
processes or alternative methods

3.2.1: Select goals
that are the most
urgent

1.) Develop specification and
supporting materials to facilitate
decision making across competing
goals in an environment with
limited resources and assign
hierarchy to the projects based upon
the results
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The quantification process in Module 4 is
resource intensive. The purpose of Module 3
is to ensure that resources are first used upon
those projects that most closely align with
current goals.

It is important to note that there is an
iterative relationship between Module 3 and
Module 4.

In Element 3.1 we identify the goals
addressed by each opportunity.

Because resources are limited the plan must
consider that projects will compete with each
other for resources. This portion of the
framework addresses the allocation of those
limited resources.

3.3: Advance
for
Consideration
Opportunities
that Most
Effectively
Impact Current
Goals
4.1.1: Select most
appropriate
quantification
method

3.3.1: Determine
mix of projects vs.
budget

1.) Develop analysis specification
consistent with ISO

1.) Develop flowchart to determine
appropriate evaluation method (e.g.
is LCA or linear programming
more appropriate)

Costs include money, resources,
environmental impact, safety impact, etc.

In Module 4 the opportunities are
quantitatively evaluated and compared. The
chosen opportunities are advanced for
implementation.

1.) Discuss consideration and
This task requires feedback from results in
decision- making tools to be used to Module 4 for best results.
allocate limited resources. Provide
templates to aid the process.

3.2.2: Assign order
to the goals based
on the decisionmaking guidelines

4.1: Identify
Method for
Quantification
of Costs

4.2.1: Evaluate all
costs associated
with the proposed
alternatives
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4.2: Evaluate
Costs of
Alternative
Solutions for
Opportunity

Table 3.5 (continued)

MODULE 4: Compare Solutions for
Opportunities

5.1: Deploy
Changes

4.4: Select
Projects for
Implementation

4.3: Compare
Alternative
Costs with
Respect to
Budget and
Priorities
4.4.1: Select
projects for
implementation
based on decisionmaking guidelines

4.3.1: Assign order
to the estimated
costs of alternative
solutions and
exclude those that
are over the budget.

1.) Develop specification/forms to
capture impacted entities

1.) Flowchart or specification for
project selection

1.) Enhance specification to
standardize costing

5.1.3: Assign
responsibility for
implementation to
appropriate entities
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1.) Develop sample communication
forms and processes

5.1.2: Notify parties 1.) Develop
that are involved
communication/feedback
and affected by the specification
changes

5.1.1: Identify
parties involved in
the change and
impacted by the
change

Table 3.5 (continued)

MODULE 5: Implement Solutions

Module 5 aims to realize the implementation
of the improvement and to maximize the
effectiveness of the implementation. In
addition, a key task of Module 5 is ensuring
that the change was implemented effectively
and measure and confirm the impact of the
change. Module 5 activities continue long
after the change was made.

Table 3.5 (continued)
5.2: Choose
Appropriate
Indicators of
Sustainable
Production
(ISPs)

5.3: Use
Indicators of
Sustainable
Production
(ISPs) to
monitor
performance

5.2.1: Choose ISPs
based on project
goals
1.) Create specification for data

1.) Prepare guidance on ISP
selection consistent with ISO

1.) Specification for comparison or
flowchart to monitor performance
against goal

5.2.2: Collect data
needed for such
ISPs both before
and after changes
5.3.1: Report the
before and after
results
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Indicators of sustainable production are key
metrics to normalize the comparison of the
level of sustainability achieved by the
organization. They should be meaningful
and consistent. There are some published
ISPs, but unique ISPs may be required for
specialized processes or local conditions.

CHAPTER IV
SIWM FRAMEWORK MODULE DESCRIPTIONS
"Sustainable Development" (SD) has been defined in many ways, but the most frequently
quoted definition is from Brundtland Report of the United Nations World Commission on
Environmental and Development (WCED) published in 1987. The concept of sustainable
development has grown rapidly in the latter years of the 20th century and this far in the 21st
century.
Some of the earliest work in sustainable developed emerged under the field of study
known as “Triple Bottom Line” (TBL). TBL was first coined by John Elkington in 1994. In 1997
Elkington wrote a book on this topic “Cannibals with Forks: the Triple Bottom Line of 21st
Century Business (Elkington, John, 1998). Elkington's intention was to advance the goal of
sustainability in business practice. Elkington believed that in addition to profit, companies should
also focus on social and environmental costs and benefits when measuring the total cost/success
of business practices. Economic/finance, environmental factors, and social equity are the three
integral components of Triple Bottom Line. The Triple Bottom Line is an accounting framework
to evaluate these components’ performance.
The concepts of SD and TBL shared a similar ultimate goal: advancing sustainability
activities. As research on both SD and TBL have evolved in their own ways, their research areas
have developed overlapping foci: economic, environmental and social issues. Our SIWM
framework is also using economic, environmental, and social issues as pillars.
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Many respectable international organizations and groups and individuals have spent
decades on sustainability-related research. Some organizations have developed sustainabilityrelated guidelines:
•

International Organization for Standardization (ISO)
[https://www.iso.org/standards.html]

•

Global Reporting Initiative (GRI)
[https://www.globalreporting.org/information/g4/Pages/default.aspx]

•

United Nations Environment Programme and the Society of Environmental
Toxicology and Chemistry (UNEP-SETAC) [http://www.lifecycleinitiative.org/]
o “Guidelines for Life Cycle Assessment of Products” 2009, 104 pages
[http://www.unep.fr/shared/publications/pdf/DTIx1164xPAguidelines_sLCA.pdf]
o “Global Guidance for Life Cycle Impact Assessment Indicators, Volume 1” 2016,
30 pages
[https://c402277.ssl.cf1.rackcdn.com/publications/993/files/original/LCIApublication-preview.pdf?1488567549]

The SIWM framework is designed to assist decision makers in making the most
appropriate decisions to promote handling their industrial wastes sustainably with reasonable
time and resources. Like the previously mentioned frameworks and systems, the SIWM
framework also uses economic, environmental, and social issues as its sustainability pillars.
Instead of going through a product/service life-cycle, The SIWM framework will conduct gateto-gate style assessment. The frameworks/systems mentioned above are guidelines on reporting
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sustainability behaviors of the target, e.g., products/services or companies. These guidelines
provide users guidance on where, what and how to gather needed information. The major
difference of our SIWM framework from these already developed framework/systems is that the
SIWM framework is not a reporting framework; the SIWM framework is designed to guide users
who seek opportunities to improve sustainability behavior in handling industrial wastes. The
SIWM objective is to go beyond simply logging and reporting the current state of the firm’s
environmental footprint. SIWM provides a basic structure for systemically targeting of goals,
measurement of impact, and planning for more optimal resource allocation. SIWM offers a
versatile generic arrangement of tasks and tools which individual firms can adapt and contour to
develop a unique, customized, and comprehensive sustainability architecture tailored to that
specific firm’s industry, philosophy, and environment.
Many process improvement methodologies and frameworks embrace a cyclic format that
propels continuous improvement within the organization. Moreover, these methodologies and
frameworks are usually broken into multiple stages, steps, phases, or modules such that the tasks
and activities can be grouped into logical and manageable sizes.
The proposed SIWM framework is a cyclic model with six fundamental modules. The
term module is used instead of stages, steps or phases because the direction of the framework
does not only go clockwise; often it may be necessary to revisit prior modules in an iterative
fashion. For example, while working on Module 4: “Compare Solutions for Opportunities," the
users might discover that they have under-estimated the budget requirements for the chosen
opportunity and are encountering significant constraints concerning the time and resources
needed to accomplish the project. Instead of continuing to work on an opportunity which is now
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known to be infeasible, the project managers may “loop” back to Module 3: “Prioritize
opportunities” and look for an opportunity that meets budgetary constraints.
Each module embraces lists of elements which are not in a particular order. Each element
is a mini-project which may include lists of tasks and actions. These tasks and actions are
intended to fulfill the goal of that element. Different organizations may have their unique lists of
tasks and actions due to their differences in industries, cultures, and locations, etc.
The following is an overall table of the SIWM framework outlining the modules and their
elements:
Table 4.1

Modules and Elements inside SIWM Framework

Summary of Modules and Their Elements
Module 0: Foundation Goals and Prioritization
Module 0 – Element 1:

Identification of Stakeholders and Drivers

Module 0 – Element 2:

Identification of Goals and Selection of Measurable Objectives

Module 0 – Element 3:

Specification of Corporate Decision-making Guidelines

Module 0 – Element 4:

Establish Budget for Sustainability

Module 0 – Element 5:

Assign Responsibility and Delegate Authority
Module 1: Ensure Compliance

Module 1 – Element 1:

Characterization of Processes with Potential to Produce Industrial Waste

Module 1 – Element 2:

Identification and Characterization of all Potential Industrial Wastes

Module 1 – Element 3:

Ensure Compliance with Appropriate Permits and Regulations
Module 2: Identify Opportunities

Module 2 – Element 1:

Identification of Opportunities that Address Regulatory Defects
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Table 4.1 (continued)
Module 2 – Element 2:

Identification of Opportunities that Reduce Waste Volume

Module 2 – Element 3:

Identification of Opportunities that Reduce Waste Toxicity or Local
Impact

Module 2 – Element 4:

Identification of Opportunities that Address Key Stakeholder Concerns

Module 2 – Element 5:

Identification of Opportunities that Reduce Costs
Module 3: Prioritize Opportunities

Module 3 – Element 1:

Identification of Goals Addressed by Each Opportunity

Module 3 – Element 2:

Prioritization of Goals

Module 3 – Element 3:

Advance for Consideration Opportunities that Most Effectively Impact
Current Goals
Module 4: Compare Solutions for Opportunity

Module 4 – Element 1:

Identify Method for Quantification of Costs

Module 4 – Element 2:

Evaluate Costs of Alternative Solutions for Opportunity

Module 4 – Element 3:

Compare Alternative Costs with Respect to Budget and Priorities

Module 4 – Element 4:

Select Projects for Implementation
Module 5: Implement Solutions

Module 5 – Element 1:

Deploy Changes

Module 5 – Element 2:

Choose Appropriate Indicators of Sustainable Production (ISPs)

Module 5 – Element 3:

Use Indicators of Sustainable Production (ISPs) to monitor Performance

1.0

Module Discussion - Module 0: Foundation Goals and Prioritization
An organization can be viewed as a system; departments of the organization are like

components of a system because they all have interdependent relationships with the departments.
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For ambitious projects, which may require the participation of employees across multiple
departments, project leaders should enlist top-level management involvement early in the
project. Their involvement can prevent potential resource-constraint problems and problemshifting issues due to local success introduced by local projects. To emphasize the importance of
top-level management participation, many methodologies and frameworks have included a stage
or phase that is dedicated to the involvement of top-level management.
The SIWM framework recognizes the role of top-level management, which is referenced
in many other frameworks, by explicitly creating a module level for senior management. In the
SIWM framework, this is Module 0: “Foundation, Goals, and Prioritization”. This module
emphasizes that firms’ environmental management includes a strong linkage to both corporate
and functional strategies (Klassen and McLaughlin, 1996). As a result, there are many aspects of
the waste management plan that include decisions and responsibility that require senior
management ownership. Also, many decisions involving waste management require the
authorization of capital and other resources. As a result, the participation and support and
endorsement of senior management are essential.
Another important reason for establishing a foundation module that rests primarily upon
senior management is the fact that many environmental regulations hold the corporation and
senior management criminally responsible for environmental excursions by employees
regardless of whether the management was aware of the violation at the time it occurred (Riesel,
2007). This is why it is common practice to require senior management to sign all regulatory
compliance documents prepared by the corporation.
Finally, as pointed out by Porter and van der Linde (1995), environmental initiatives
often require a shift in attitude within the organization such that workers recognize that industrial
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waste is a manifestation of inefficiency and that the minimization of waste must be viewed as an
opportunity to increase profitability, as opposed to being viewed as an economic burden.
Propagation of corporate values that include waste minimization requires direction from the top
levels of the firm.
In Zachman’s six-by-six matrix framework (Zachman, 1987), planner and owner are
embraced as major stakeholders. The Nine-box model by Rummler and Brache (Rummler &
Brache, 1990) incorporates organization level as the top level that sets strategy, operational
planning, organizational structure, and culture of the organization. Current environmental
frameworks include elements that require the direct participation of top-level management;
however, none of those frameworks appear to explicitly incorporate a level that defines top-level
management responsibilities and tasks. For example, Rossi et al. (2006) have a foundation level
that includes goal setting, guiding principles, and decision-making rules. However, they do not
discuss corporate level goals, principles, and decision-making rules. Rather, the authors of this
framework indicate that goals, principles, and overall rules may derive from an external authority
or ethical code.
Module 0 is the foundation of the proposed SIWM framework. It embraces all strategic
elements that involve top-level management decisions. Project managers using the SIWM
framework may or may not actively participate in the decision-making process in this module.
And once these decisions are made, they are seldom revised under normal operation unless major
events prompt top-level management to revisit and make changes on the decisions. There are
specific cases where Module 0 should be revisited. For example, if the company changes hands,
or experiences significant top-level management changes, such as officers or senior members
departing, then Module 0 should be reassessed. Also, if the firm undergoes structural change, for
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example, a department or functional sector of the company is being outsourced, Module 0 should
be reexamined. In fact, after this foundation module is initially completed, project managers
rarely visit this module. Project managers who use the SIWM framework would mostly focus on
the operational modules 1 to 5 and their elements. They would follow the cyclic path from
Module 1 to Module 5 with occasional internal circling between two modules. After finishing
Module 5 of a project, the project manager would ignore Module 0 and go directly to Module 1
to start another round.
4.1.2

Module 0 – Element 1: Identification of Stakeholders and Drivers
Module Zero is the high-level organization planning module. As a complex system with

competing goals, organizations have to identify their primary stakeholders and drivers such that
their goals and expectations are accurately reflected in this framework. Also, authority and
responsibility for meeting those goals and expectations must be defined in this module.
Stakeholders may prioritize drivers differently and may not share the same goals and their
expectations may not synchronize. For example, one group of shareholders may focus upon the
organization becoming or remaining the leader in its industry; while another group of
shareholders might prefer larger revenue such that they can sell the organization for a top price in
the near future.
The Board of Directors and major investors are always stakeholders of an organization.
However, community councils and or local politicians may be stakeholders or represent
stakeholders and impact the organization's decisions. For example, a city may give a monetary
incentive to an organization if this organization agrees to hire a certain number of employees
from this city. Similarly, community members, environmental groups, industrial associations,
and a firm’s workers and customers are usually stakeholders whose input must be considered.
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4.1.2.1

Component 1 – Identify governmental agencies that interact with the facility
Component 1 is a critical stage for developing priorities as instances where the firm is out

of compliance should be high priority targets to prevent financial and criminal penalties and
potential impact to the firm’s reputation. The framework encourages a planned approach to
identifying these items as follows in the steps below.
(1) Specification or checklist identifying relevant environmental, health, and safety
impacts
Use the safety data sheet (SDS) of chemicals stored in the facility to identify health and
environmental effects of chemicals. For example, Environmental Protection Community RightTo-Know Act (EPCRA) Section 311/312 requires facilities that have a MSDS for any hazardous
chemicals stored or used in the workplace above certain quantities to submit an emergency and
hazardous chemical inventory form (TIER II) to the State Emergency Response Commission
(SERC), Local Emergency Planning Committees (LEPC), and Hazardous Material Business
Plans (HMBP) for local fire department. Historic data from Environmental, Health, and Safety
(EH&S) group of the company contain useful information. But since environmental related laws
and regulations change often, and with the addition of new regulations related to "climate
change" change their target and goals constantly, project managers and workers need to monitor
such laws, regulations, and rules frequently.
Since wastes generated from facilities contain not only un-used residues of raw chemicals
but also different chemical structures created from reactions, project managers need to know the
waste profiles.
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Figure 4.1

Definition of Solid Waste Process Flowchart

[http://www.epa.gov/osw/hazard/dsw/tool.htm]

(2) Develop flowcharts or specifications to help determine relevant regulatory laws
controlled by various national, state, and local agencies
This task is based upon best practices as established by several regulatory agencies. For
example, the Virginia Department of Environmental Quality Office of Small Business Assistance
(“Virginia Department of Environmental Quality Office of Small Business Assistance” 2012)
has developed a checklist to help small businesses to carry internal multimedia compliance
auditions. This checklist covers: (1) Clean Air Act for Air Compliance, (2) RCRA Hazardous
Waste Management for Waste Compliance and Solid Waste Management, (3) Oil Pollution Act,
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Clean Water Act, Safe Drinking Water Act of 1974, and Groundwater Management Act of 1992
for Water Compliance Requirements, also other checklists for Underground Storage Tank
Requirements, Aboveground Storage Tank Requirements, Other Environmental Compliance
Requirements, and Occupational Safety & Health Administration (OSHA).

Solid Waste Control
Businesses operating in the United States must obey federal, state and local regulations.
Different industries are subjected to regulations and rules of different agencies. The state
agencies use Standard Industrial Classification (SIC) code1 and or North American Industry
Classification System (NAICS) code2 to classify industries. SIC and NAICS, MSDS of
chemicals, and waste profiles are information that can be used to identify jurisdiction of
government agencies.
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Figure 4.2

Basic identification of industrial wastes

Wastes are considered non-hazardous if they are not listed, or they do not exhibit any
hazardous waste characteristics, and solid waste disposal and recycling are regulated at the state
level. Wastes have to be solids to be considered hazardous.
There are four hazardous waste types:
•

Listed wastes
o F-list (Non-specific source wastes)
o K-list (Source specific wastes)
o P-list or U-list (Discarded commercial chemical products)

•

Characteristic wastes
o Ignitability
o Corrosivity
o Reactivity
136

o Toxicity
•

Universal wastes
o Batteries
o Pesticides
o Mercury-containing equipment
o Lamp

•

Mixed wastes
o Waste contains both radioactive and hazardous waste components

Clean Air Act
The Clean Air Act of 1985 is the primary set of codes for permitting and controlling the
release of harmful chemicals into the air. There are three major permit programs required by the
Clean Air Act:
•

Acid rain permits (Title IV permits)

•

Preconstruction permits (New Source Review permits)

•

Operating permits (Title V permits)

A Title V Operating permit under the Clean Air Act is issued by the state and local air
pollution agencies. For those who meet the following criteria they need a Title V permit (Spink,
Marcia L., n.d.).
•

Major Sources – any stationary source that exceeds potential-to-emit (PTE)
thresholds for regulated pollutants

•

Regulated Pollutants Thresholds
o Criteria pollutants ≥100 by PTE
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o Hazardous Air Pollutants (HAPs) ≥ 10 ton per year (1 HAP) or ≥ 25 ton per year
(HAPs)
•

Facilities subject to:
o New Source Performance Standards (NSPS)
o National Emission Standards for Hazardous Pollutants (NESHAPs)
o Maximum Achievable Control Technology (MCAT) Standards
o Major New Source Review (NSR) including Prevention of Significant
Deterioration (PSD)

•

Sources subject to the Title IV Acid Rain program

•

Minor Sources: Natural Minors and Synthetic Minors

In addition to the major source regulations and permitting covered above, there are lesser
federal, state and local air regulations that may require permitting or indicate compliance
requirements. Examples include strict prohibitions on the release of certain materials and taxbased regulations where the tax is based upon the mass of individual pollutants released per year.

Toxic Substances Control Act (TSCA)
Passed by the United States Congress in 1976, TSCA is a law administrated by EPA to
regulate the already existing or the introduction of new chemicals. This act focuses on the bulk
storage of chemicals at levels hazardous to the surrounding community.

Clean Water Act
The Clean Water Act (CWA) regulates the discharge of pollutants into navigable waters
of the United States through the National Pollutant Discharge Elimination System (NPDES)
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permit program. These permits are held by municipal water authorities and are the basis for local
water regulations and permitting. The NPDES permit program requires all facilities which
discharge pollutants from any point sources into the waters of the United States to obtain an
NPDES permit (EPA Headquarters, August 12, 2009).
4.1.2.2

Component 2 – Identify non-government organization (NGO) interest groups of
concern
Develop a flowchart to facilitate the following:
1) Identify those NGOs that have had concerns about the firm in the past
2) Identify those NGOs that have been active on EHS issues relevant to the firm’s
current activities who have not yet spoken up
3) Identify those NGOs that may have concerns with new or alternate firm activities
NGOs are credited for their role in putting attention on the social and environmental

externalities of business activities and pushing sustainable development (“The rise and role of
NGOs in sustainable development”, 2013)
NGOs are difficult to define because their structures vary greatly; there are global,
regional, provincial, national, and national, and whether they are under the governmental
influence. There are approximately 1.5 million NGOs operating in the United States (U.S.
Department of State Fact Sheet. January 12, 2012).
For example, Citizens Campaign for the Environment (CCE), Environmental Defense
Fund (EDF), Greenpeace, WiseEarth, etc., are some of the well-known NGOs with their focus on
social and environmental issues. American Iron and Steel Institute (AISI), Biotechnology
Industry Organization (BIO), Business Software Alliance (BSA) etc., focus on specific sectors of
industries.
139

4.1.2.3

Component 3 – Identify ownership objectives and concerns
Prepare guidance and template for reconciling corporate values and strategy with the

firm’s environmental footprint
1) Sample policy statement and discussion of ownership interests
Business policies are broad statements stating company goals and rules. Policy statements
are organization-level documents which set directions for all employees within the organization.
These statements are usually short and clear. They simply state the acceptable behaviors of the
company's employees.
2) Sample stockholder proxy
Some companies may maintain certain policies to guide their employees with respect to
companies’ expectations of employees conduct. These policies may address ethics, safety and
labor conditions, etc., in general or specifically. Therefore, these policies may have an impact on
SIWM framework projects directly or indirectly.
Project managers are in charge of all tasks as in micro-managing almost every task of
each stage, while they report to top-level management the project’s progress on periodic
schedules and let top level management take a macro-management role.
4.1.2.4

Component 4 – Determine overlap with corporate mission and strategy
Prepare guidance and template for reconciling corporate values and strategy with the

firm’s environmental footprint
Mission statements define prime functions and desired level of performance at now state,
while vision statements are intended to motivate and inspire those for a future state. Both mission
and vision statements summarize companies' goals and objectives and maybe core values.
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4.1.3

Module 0 – Element 2: Identification of Goals and Selection of Measurable
Objectives
After the major stakeholders, drivers, and their goals and expectations of the framework

are identified, SIWM framework project managers may want to reorganize these goals and
expectations into reasonable and reachable targets. When major shareholders accept these goals,
they are agreeing to give the framework project managers the green light to proceed.
Measurable objectives are usually more acceptable to profit-oriented operations than nonmeasurable objectives because measurable objectives can be rated and ranked while nonmeasurable objectives may invite subjective discussions which may slow down the project.
For example, stakeholders want organizational growth as the goal of the coming years.
SIWM framework project users have to specify such "growth"; is it the growth in the size of
organization manpower or is it monetary growth? Then, the immediate questions are what the
acceptable growth is, and how to measure such growth, etc. For example, stakeholders set the
goal of this year at 5% profit growth from last year. Thus, the project manager only needs to
compare the profit from last year with that of this year - a very do-able task. But for goals like
"reducing waste generation", stakeholders have to define/refine this goal into more specific
terms; which wastes: total wastes, solid wastes, liquid wastes, hazardous wastes, etc.; reducing in
which dimensions: weight, volume, or toxicity; then stakeholders have to set what quantities are
the acceptable values: reducing total waste volume by X%, or reducing cost on disposing
hazardous wastes by $Y.
4.1.3.1

Component 1 – Set goals and expectations for Sustainable Waste Management
Goals and expectations are two terms with similarities and differences. Goals and

expectations can be treated as guiding lights and they provide focus. Goals are dreams one
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strives for and they may be flexible. Practical goals would have plans built around them.
Sometimes goals are not achieved, but failure to achieve these goals should not carry severe
consequences. On the other hand, expectations are one expects to happen. Expectations can be
viewed as goals in actions. Practical and reasonable goals and expectations should be specific,
measurable, and achievable.

1) Discussion of leadership at the top and sample directive on priorities and goals
Directives are official instructions set by top management to employees. Goal directives
should clearly state to employees what the company’s goals are. The directives on goals should
state clearly what, when, who and how. For example, the directives may state that the company’s
goal is to achieve sustainable production in three years. The company believes that by utilizing a
sustainable waste management program, the company can achieve this goal. The highest priority
for each division leader is to appoint a project manager to administer sustainable waste
management programs. Other priorities include assigning responsibilities and authority, selecting
team members, choosing measurements, and deciding reporting formats and frequencies, etc.
4.1.3.2

Component 2 – Select measurable objectives to monitor the goals
1) Discussion of strategic objectives and targets. Sample directive to the task force
Environmental Impact Assessment (EIA) is a process used to evaluate environmental

impacts of a proposed project. The purpose of such assessment is to inform decision-makers of
potential environmental impacts of their project before they decide whether they should go
forward with such a project or not.
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European Commission has updated its waste directive frequently and its directive in 2008
on wastes laid out the five basic waste management principals into a hierarchy (Directive
2008/98/EC on waste (Waste Framework Directive), September 6, 2016).

Figure 4.3

Industrial waste management hierarchy

Among the above five management principles “Prevention” is considered product and not
wastes, while the other four management principles are for wastes.
Industrial Emissions Directive (IED), Directive 2010/75/EU, under European
Engineering Industries Association embraces Integrated Pollution Prevention and Control (IPPC)
Directive and seven sectorial directives. IED follows the concept of Best Available Techniques
(BAT) to emission controls of pollution to air, water and soil.
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4.1.4

Module 0 – Element 3: Specification of Corporation Decision-making Guidelines
Corporate decision-making guidelines are useful go-to guides for workers whenever they

have questions and or they face roadblocks. By following corporation guidelines while preceding
with their projects, SIWM framework project managers can show the others that they have the
support of the corporation.
For new companies, their corporate decision-making guidelines may be borrowed from or
based on other successful corporations’ guidelines. Similar to the learning curve, as companies
grow, their corporate decision-making may become more specific and may reflect their
individualism more pronouncedly. The details of these guidelines may be modified and updated
from time to time, but they should not be changed too frequently for employees to catch up
because frequent changes can cause confusion.
These corporate decision-making guidelines are for all employees in the organization to
follow. Decision-making guidelines are only useful if they are being followed in all projects and
not occasionally. By following the corporate decision-making guidelines objectively, SIWM
framework users show project participants that their actions have bases and they are unbiased
actions. If they are used in selected projects and not in the others, employees may lose respect for
these guidelines as well as the project leaders.
These guidelines should be simple and specific; otherwise, they may cause confusion and
arguments, and subsequently, they become useless empty statements.
For example, the corporate decision-making guidelines may specify that when there are
resource conflicts, project managers have the temporary authority to override the department
managers to allow overtime.
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4.1.4.1

Component 1 – Identify and specify corporate decision-making guidelines
1) Sample project mandate and decision-making guidelines. Discussion of task
Decision-making involves making judgments and choices. There are many decision-

making theories, skills, and frameworks available to the mass audience via research papers and
books. Among most of these theories are similar steps: observations, recognition, information,
selections, and actions.
There are also many published guidelines for leaders on decision-making (Zimmerman &
Kanter, March 29-31, 2012) (Snowden & Boone, November 2007).
4.1.4.2

Component 2 – Identify the decision-makers
1.) Discussion of any required delegation of authority and example mandates
Project managers applying the SIWM framework should have the authority and control of

all operational tasks while top management oversees the progress of projects and makes strategic
decisions to assist project managers to accomplish the projects smoothly.
4.1.5

Module 0 – Element 4: Establish Budget for Sustainability
Time and resources (especially money and manpower) are two of the most basic

boundaries that need to be established at the beginning or even before the start of any project.
Results and products are not the only elements, nor evidence, of a successfully managed project;
management of time and resources within their budgets are essential elements, also. Projects
without sufficient budget may lead to nowhere. A lot of ambitious projects can be interrupted,
delayed or immaturely terminated because of running over budget. No projects should be started
if the budget is not allocated.
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Achieving sustainability is not a short-term task for a long-term solution. SIWM
framework project managers need to know what and how much time and resources are available
for them to test their theories and run their tasks without impacting normal operations. If either
time or resources are not available at this moment, project managers should move this project to
a later time and search for projects which are more fit and appropriate for the available budget.
4.1.5.1

Component 1- Establish and allocate budget for the projects
1) Discussion and sample budget guidance
Each company may have its own budget guidance and forms. There are budget planning

software and templates available commercially when there is no budget guidance in
organizations. Usually, budget guidance steps include:
1) Review preliminary project cost, allowable costs, limits on requested budgets, etc.
2) Identify associated cost: workers, supplies, and equipment, etc.
3) Submit budget request forms and project proposals
Sometimes project budget planning involves two stages; one is the macro view of the
project while the other is a micro view of it. The highest level of project budget planning should
include the following:
•

Description of project: identify the goal(s) and illustrate potential project time, costs
and actions

•

Reason(s) and rationale: demonstrate cost and benefit

•

Participants: project managers, project sponsors, project teams

The next level of a project budget planning is “more detail”; it specifies costs that are
related to the project and its tasks:
•

Identify labor costs
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•

Identify material procurements

•

Identify on-going operational costs

•

Identify specific costs

•

Build in contingency by estimating the probability of exceeding the identified costs
and project timeline.

4.1.6

Module 0 – Element 5: Assign Responsibility and Delegate Authority
SIWM framework users need to know their responsibilities and authority to manage the

tasks and the whole project. These responsibilities and authorities are boundaries given by the
corporate management to SIWM framework users such that framework users can set their project
goals and budget their projects appropriately. For example, if responsibilities involve multiple
departments’ workers to accomplish certain tasks, SIWM framework users should have the
authority to compel their participation. Alignment of authority and responsibility is a necessary
element of successful projects.
4.1.6.1

Component 1- Assign responsibilities and delegate authority
1) Discussion and sample team structure, roles, and responsibilities
Project managers who apply SIWM framework do not only possess management skills,

they usually have knowledge of production departments. Team members carrying out the
projects may include a stable group of workers, or the team members may change due to the
nature of the projects. At this stage project managers, team members and departments that will
participate in projects should understand their roles and responsibilities with respect to the
projects.
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4.2

Module 1: Ensure Compliance
One key element of an environmental management framework is the recognition that

regulatory compliance is an essential metric of performance for any sustainable production
framework. The Lowell Center for Sustainable Production (LCSP) Indicator Framework (Veleva
and Ellenbecker, 2001) explicitly references regulatory compliance in Actualization Level 1 as
“Company Compliance/Conformance Indicators.” Recall from Chapter II that the LCSP
Indicator Framework recognizes levels of corporate environmental policy sophistication as
"Actualization Levels" where it is presumed that a company must achieve a given level of
achievement before moving on to higher levels. So, in the Lowell Framework, Level 1 is
considered a prerequisite for any further growth in sustainable production and no further
advancement can be realized until this level has been attained.
The other sustainable production frameworks examined do not specifically reference
regulatory compliance as an objective. However, a rational business approach recognizes that
failure to comply with government regulations is not a sustainable business practice as the
business will be shut down by the government agency whose regulations are being violated.
Recognizing the imperative to comply with local laws and the well-reasoned arguments
set forth in the LCSP framework, the SIWM framework embraces regulatory compliance as one
of the modules. The Lowell Center places regulatory compliance at the most basic level.
However, the LCSP framework has no level equivalent to Module 0 even though Veleva and
Ellenbecker (2001) place the definition of goals and objectives as the first task in framework
development. By contrast, the SIWM framework does include a specific Module 0 that
incorporates the goal-setting task. As a result, ensuring regulatory compliance is placed in
Module 1. The reason Module 0: Foundation takes precedence over this module is that corporate
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policy for environmental compliance and support for compliance efforts are prerequisites of that
compliance. Also, Module 0 will incorporate the tasks in which personnel and resources are
allocated to compliance.
4.2.1

Module 1 – Element 1: Characterization of Processes with Potential to Produce
Industrial Waste
The characteristics and volume of waste streams discharged from facilities vary with the

products and the production processes. In general, industrial wastes are functions of the type of
industry and process. One can make an educated guess of the profile of a waste stream by
knowing the type of process.
Each industry has its unique waste streams. Waste streams from the food industry usually
are dominated by organic material, nitrogen, and phosphorus, while waste streams from
electronic manufacturers contain mostly inorganic chemicals and their hazardous chemical
content could be high. For example, the major waste material from processing a large volume of
milk is wastewater which contains organic milk products and minerals. In addition, caustic
wastewater is also generated during the cleaning of such plants (Barnett, et al. 2010).
Certain reactors are built for certain processes; certain processes require certain reactors.
Reactors and processes may transform non-harmful raw materials into unavoidable harmful
byproducts/wastes. One can profile the unavoidable waste streams from the class/type of reactor
and or process. For example, one can assume the exhaust gas stream from metalorganic
chemical vapor deposition (MOCVD) reactors is usually very dangerous because this type of
reactor commonly employs gallium and arsine hydrides in its process to create gallium-arsine
base devices. Thus, one can generate a profile of potential industrial wastes belonging to this
type of reactor and/or this type of process. Certainly, the same type of reactors/processes do not
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necessary use same kind or amount of chemicals. In some cases, because of the need to protect
intellectual property and or to avoid infringement of other people's patents, identical reactors or
processes have to employ different types and amounts of chemicals.
As mentioned above, wastes are not only generated during processes; as in the dairy
industry, additional wastes are generated when the reactors need to be cleaned with cleaning
agents.
4.2.2

Module 1 – Element 2: Identification and Characterization of all Potential
Industrial Wastes
All production generates waste streams; the most basic way to characterize these streams

is based on their physical forms: gas, liquid, and solid. Other ways to characterize waste streams
include their chemical contents, toxicity/hazardous levels, government regulations on them, etc.
For example, characteristics of wastewater from the food process industry includes measurement
of pH, conductivity, biochemical oxygen demand (BOD), chemical oxygen demand (COD), total
solids and total nitrogen, etc. (Wang et al. 2005). By comparison, characteristics of wastewater
from petroleum refining focus on measurements of COD, oil, and smell, and those from plating
machinery focus on pH and cyanide level (Technology Transfer Manual of Industrial
Wastewater Treatment, March 2003).
4.2.3

Module 1 – Element 3: Ensure Compliance with Appropriate Permits and
Regulations
Companies are required to obtain many permits before they start operations. From city

permit to specific operation permits, firms need to comply with the federal and local regulations;
otherwise, these companies and their officers may face harsh penalties or even criminal
punishment. Companies usually have their operational permits ready before, or at the early stage,
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of operations. They also would familiarize themselves with the latest regulations which are
related to their activities. Some companies may have a dedicated department and or personnel
overseeing the regulations and permit issues while some facility managers may continuously
update their knowledge on such matters as well. There are also many independent consulting
firms whose business is guiding and assisting companies to comply with the government
regulations and obtain required permits.
Some companies may also need permits to dispose of their waste even though waste
management is not their business focus. For example, a lot of facilities are required to obtain an
industrial wastewater discharge permit when their wastewaters are considered as hazardous
waste under federal regulations. The U.S. EPA requires facilities who are major generators of
hazardous wastes to file a Notification Form of Hazardous Waste Activity which is under local
Department of Toxic Substances Control (DTSC). Whether the waste is exempt from permitting
depends on the type of waste generated from the operations. The toxicity and harmfulness of
wastes generated from reactors may not necessarily be the same as those of raw materials
entering the reactors. In some situations, facilities may want to take precautions by taking
analytical testing of their waste streams: gas, liquids, solids, and keep such records for
government inspections in the future.
4.3

Module 2: Identify Opportunities
Opportunities may come from changes: human-made or natural, or crisis, or they may

come from simple observation. Here are some examples:
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Table 4.2

Examples of opportunities for improvement

Opportunity
Sources

Examples

Potential responses / solutions

Natural change

Aging of reactor: Reactors show wear
and tear

Increase maintenance
frequencies or replace reactor
with latest technologies

Man-made change

Government regulations:
1987 Montreal Protocol-UN and EU
member nations, including the U.S.A.,
signed this environmental agreement to
begin worldwide phase-out of ozonedepleting CFCs, which include R22
(CHClF2, an old standard refrigerant
used in air conditioners)

Tag those R22 refrigerant air
condition units. When time to
replace air condition units
make sure they come with the
new acceptable refrigerant

Crisis

Toxic gas monitor (TGM) at abatement
equipment exhaust alarmed more
frequently.

Observations

The reactor is recently making extra
noise

Check for clogging in both up
and down streams. Increase
maintenance frequencies. It
may be time to replace
abatement equipment.
Check for clogging in both up
and down streams. Increase
maintenance frequencies. It
may be time to replace
abatement equipment.

1.0.1

Module 2 – Element 1: Identification of Opportunities that Address Regulatory
Defects
In this section, we begin to identify areas for improvement. Opportunities that address

past or future safety and environment excursions should be given the highest priority for
consideration.
4.3.1.2

Component 1 – Target environmental regulatory violations
1) Develop procedures for proactively monitoring for excursions

152

Such procedures should be carried out periodically and stored in locations where
employees have easy access to retrieve. The list of specifications may include but are not limited
to the following items:
•

Quantities of raw chemicals and wastes stored inside the facilities

•

Locations of these chemicals

•

Safety Data Sheet (SDS) of chemicals

•

Identification and warnings should be posted on chemical containers or places close
to them

•

Identify personnel and government departments to report excursions

2) Develop specifications for central records of all regulatory authority action and
internal excursion records
Local fire department, local Environmental Protection Agency, regulatory compliance
consultants, and waste management companies can provide guidelines on types of records if such
records are not in place yet.
4.3.1.3

Component 2 – Identify Potential Future Environmental Excursions
1) Develop procedure/form to project possible excursions due to lower limits or
increased production of waste.
For example:
(i) Develop a form for employees to identify potential dangers/problems. The form may
be reported to the department manager or even EH&S.
Such a form may include the following items:
•

What and where are the dangers? For example, a barrel of acid liquid is not
appropriately labeled, or it is not stored in the assigned location, etc.
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•

How long has the problem been noticed?

•

What are the potential dangers? For example, an explosion under high temperature
resulting from heat from the sun because of outside storage, or risk of fire when
stored near areas where sparks from welding or similar activities occur, etc.

•

Which project/team managers might be responsible for such problem? Have
project/team managers been notified? Has EH&S group been notified?

•

Is there any violation of known regulations?

•

Suggestions to remedy current problems and or prevent future problems.

(ii) Develop a chemical checklist for potential dangers. Such a checklist may be posted
near reactors, storage areas or EH&S department. Here is an example of a checklist of
chemicals listing chemicals that are storing in a gas cylinders storage cabinet:
Table 4.3
Chemical

Arsine gas potential dangers
Toxic/

Toxic/

Regulation

Quantity

Risk/

Harmful

Harmful to

Limits

storing

Potential

to

environment

(TLV,

human
Arsine

Poison
gas

NFPA

Danger

IDLH)
Toxic

TLV =

1

Toxic,

4, 4, 2,

0.005 ppm

cylinder

flammable

None

IDLH = 3

liquefied

ppm

gas

TLV = Threshold Limit Values are occupational exposure guidelines published by The American Conference of Governmental Industrial
Hygienists (ACGIH®) (“TLV Chemical Substances Introduction” n.d.)
IDLH = Immediately Dangerous To life or Health is defined by US National Institution for Occupational Safety and Health (NIOSH). The IDLH
limit represents the exposure to airborne contaminants that are likely to cause death or immediate or delayed permanent adverse health effects or
prevent escape from such an environment. OSHA defines an IDLH value as "an atmospheric concentration of any toxic, corrosive or asphyxiator
substances that poses an immediate threat to life or would cause irreversible or delayed adverse health effects or would interfere with an
individual's ability to escape from a dangerous atmospheric" (Ludwig, Cairelli & Whalen, 1994) (OCCUPATIONAL SAFETY AND HEALTH
ADMINISTRATION, DEPARTMENT OF LABOR, 29 CFR1910.120, 2016)
NFPA 704 = National Fire Protection Association (NFPA) Standard System for the Identification of the Hazards of Materials for Emergency
Response. Four sections address: Health (blue), Flammability (red), Instability (yellow) and Special hazards (white), with a 0 to 4 scale where 0 is
least harmful while 4 is the most severe (“United States Department of Labor, Occupational Safety and Health Administration, OSHA,
Comparison of NFPA 704 and HazCom 2012” Labels, n.d.)
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4.3.1.4

Component 3 – Target Past Safety Incidents
1) Develop specifications for recording all accidents
The list of specifications may include but not be limited to the following items:
•

Guidelines for employees to distinguish the definition of accidents

•

Provide contact information to assist employees who have questions about recording
and reporting accidents

•

Accident report form with the following information: Person(s), department, location,
time and date of accident, description/eye-witness report of the accident, and
description of actions taken after accidents

•

The hard copies of records should be transcribed and stored in a computer database.
Thus, it is easy for EH&S and managers to research whether certain accidents are
more frequent than others. Also, accidents can be grouped into categories such as by:
o Types of accidents: fire, explosion, leakage of fume, etc.
o Type/value of damages: extent of damage on workers and facility
o Locations: cleanroom, chemical storage areas, solid waste locations
o Date/Time: month of the year, the day of the week, e.g., summertime when
temperatures reach 100F, time of day, e.g., night shift when no workers at sites.

2) Develop specifications for central recording of all reportable and non-reportable
accidents
Every facility should have its accident reporting policy and procedure. This procedure
should identify:
•

what needs to be reported,
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•

whom to report it to, and

•

how to report it.

Such records can assist EH&S and department managers to investigate incidents, justify
discipline actions, and implement corresponding corrective actions to prevent repeat incidents.
Any work-related incidents that result from pre-existing conditions at workplaces, or
involved bodily injuries or illness of workers, are reportable to local government agencies.
Occupational Safety and Health Administration (OSHA) under the United States Department of
Labor is the primary federal agency in charge of investigation and enforcement of workplace
safety and health legislation. [https://www.osha.gov/recordkeeping/]
4.3.1.5

Component 4 – Identify High Safety Risk Activities
1) Develop a sample charter for internal safety group to identify dangers
A Safety Charter is a written document which focuses on the commitment of all parties in

creating a safe workplace environment. Elements of a charter to identify danger include:
1. Purpose – By identifying potential danger in the workplace, all employees work
together to improve and maintain a safe work environment
2. Goal – Identify and eliminate dangers
3. Objectives –
•

Educate employees how to identify workplace dangers,

•

Encourage employees to submit suggestions for improvement and elimination
actions,

•

Conduct periodic workplace inspections, etc.

4. Personnel in charge of the charter should be identified
5. Minutes – Committee meeting record
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6. Safety Logs / Responses / Reports, etc.
When handling the same chemicals, reactions, and reactors routinely, the dangers of such
items may engender complacent attitudes toward risky substances and situations. Constant
reminders of potential workplace dangers are important. Education is a powerful defense to
prevent workplace accidents. The following actions, by EH&S or department managers or the
facility safety community, can help workers and management to identify potential danger
situations:
•

Send emails and/or post notes on a billboard about accidents in the news,

•

Monthly highlight a specific safety topic, e.g., this month about safely storing
corrosive chemical inside the facility, precautions about working outside during
summertime, etc.

•

Provide routine safety training, e.g., how to use fire extinguishers, safety gear fitting,
fire escape routes inspection, etc.

•

Set up workshops and or invite professional experts to the facility to educate workers
about work safety and the latest regulations,

•

Periodic facility safety meetings for workers to discuss and exchange the latest safetyrelated news and suggestions,

•

Regular review of facility and government regulations and policies, etc.

Too often, management and/or workers consider industrial waste as not more than an
inconvenience that takes up space. Storing industrial waste on site for extended time periods may
not be only unwise, it may be dangerous and is often illegal (for example, see solid waste act
guidelines on storage of hazardous waste for greater than the maximum time period based upon
the annual quantity of hazardous waste generation).
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This research focuses on the three characteristics of waste: quality (toxicity/harmfulness),
quantity (volume, weight), and expense (costs to abate/remedy and environment impacts). These
three characteristics can be represented as shown in Figure 4.4.

Figure 4.4

The triangular relationship of wastes

As an example of the triangular relationship of these three characteristics, consider the
instance where a small amount of highly toxic chemicals is used in operations and is needed to
be abated (for example, a RCRA type P waste), the expense to abate per unit volume is often
high; on the other hand, since the volume is low, the cost, which equals cost per unit volume
multiplied by volume, is moderated. Conversely, some wastes may be relatively inert and pose
little danger and have commensurately lower cost/unit volume to abate. However, if a large
volume of these wastes is generated, the total cost to dispose it could be high (for example, waste
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cardboard is harmless, but the accumulation of wasted cardboard would take up space and they
may attract bugs).
In general, facilities do not tend to store tons of highly toxic chemicals, for example,
arsine, phosphine and germane, etc., for their operations because of regulations and safety issues.
The cost to abate even a small quantity of these highly toxic chemicals is high. The abatement
cost per weights and volumes of not very toxic compounds, for example, carbon monoxide and
methane gas, etc., is usually low; however, facilities tend to use and or generate tons of such
chemicals.
These three characteristics are possibly the most obvious opportunities to explore for
sustainable waste management.
4.3.2

Module 2 - Element 2: Identification of Opportunities that Reduce Waste Volume
EH&S and facility engineers may know and have records of expense, quantity, and types

of wastes generated. EH&S and facility engineers have the most intimate knowledge of the
waste's quality, quantity, and cost. Coupling the knowledge of these experts and facility records
can lead project engineers to explore potential opportunities. For example, recent water bills
indicated there was an increase of X % of water usage each month since the operation of a new
reactor. Project engineers may start with a matrix similar to Rummler and Brache’s Nine-box
model but only involve EH&S and facility engineers for the questions; for example:
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Table 4.4

Example of questionnaire to seek opportunities
How much extra

Potential of

Pros and Cons

water usage

alternatives to

of changes

[gallons]

water usage

Comments

EH&S
Facility Engineers

1.0.1.1

Component 1 – Identify and list the highest volumes of waste categories
1) Describe task force organization and departmental/employee feedback program.
EH&S and facility engineers who are involved in a waste disposal process have firsthand

knowledge of the quality and quantity of the wastes. Even if they do not have the solutions
immediately, they know what records exist, who the experts in the field are and where to look up
information, etc. Thus, they are best choices to lead and or assign sub-tasks to make lists and
gather technical details of their wastes.
4.3.3

Module 2 – Element 3: Identification of Opportunities that Reduce Waste
Toxicity or Local Impact
EH&S department and facility engineers keep material safety data sheets (MSDS) of raw

materials and known wastes for government regulations and safety issues. Safety Data Sheets
(SDS) are the successor to MSDS. Both formats are commonly used in facilities at the same
time. The American National Standards Institute (ANSI) standard of MSDS and SDS contains
sixteen sections (“United States Department of Labor, Occupational Safety and Health
Administration, OSHA QuickCardTM” n.d.):
1. Chemical identification
2. Hazards identification
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3. Compositions
4. First-aid measures
5. Fire-fighting measures
6. Accidental release measures
7. Handling and storage
8. Exposure controls/ personal protection
9. Physical and chemical properties
10. Stability and reactivity
11. Toxicological information
12. Ecological information
13. Disposal considerations
14. Transport information
15. Regulatory information
16. Other information
The toxicity and environmental impacts information are contained in sections 5, 8, 9, 10
and 11 of these datasheets. From these sections, we do not only know how toxic such chemical
is, but we may also deduce which abatement remedies are appropriate to reduce its toxicity. For
example, since ammonia gas has high solubility in water, water scrubbers are commonly
employed to abate ammonia gas.
The Globally Harmonized System of Classification and Labeling of Chemicals (GHS) is
an international guideline developed by the United Nations in 1992. GHS aims at bringing
chemical regulations and standards of different countries into agreement with each other. Such
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standardized format enables safe production, handling, transporting and disposal. U.S. OSHA
adopted GHS and called its version HazCom 2012.
Indeed, abatement is not the only method to reduce waste toxicity and local impact.
Reduction of usage, substitution of raw materials and improving operational efficiencies are
other potential options. For example, Nitrogen trifluoride (NF3) and Tetrafluoromethane (C2F6)
are both commonly used in stripping and reactor cleaning applications in semiconductor
manufacturing processes.
Table 4.5

Examples of comparing regulations of four clean gases
NF3 1

C2F6 2

HF 3

IDLH

1000 ppm

n/a

30 ppm

NIOSH REL
TWA

10 ppm
(29 mg/m3)

n/a

3 ppm
(2.5 mg/m3)

F2 4
25 ppm
0.1 ppm
(0.2 mg/m3)

OSHA PEL
TWA

10 ppm
n/a
3 ppm
0.1 ppm
(29 mg/m3)
(0.2 mg/m3)
1
Retrieved from http://www.cdc.gov/niosh/npg/npgd0455.html
2
Retrieved from http://www.cdc.gov/niosh/ipcsneng/neng0575.html
3
Retrieved from http://www.cdc.gov/niosh/npg/npgd0334.html
4
Retrieved from http://www.cdc.gov/niosh/idlh/7782414.html
NIOSH REL TWA = National Institute for Occupational Safety and Health, Recommended
Exposure Limit, Time-weighted Average; the amount or concentration of a chemical that a
worker may be exposed to recommended by NIOSH.
OSHA PEL TWA = Occupational Safety and Health Administration, Permissible Exposure
Limit, Time-weighted Average; the maximum amount or concentration of a chemical that a
worker may be exposed to, as established by OSHA.
In general, chemical reactors tend to generate more F2 than HF in the exhaust when NF3
is the raw material; while reactors tend to create more HF than F2 in their exhaust stream when
they employ C2F6 as their raw material. Therefore, if facilities only consider the quality and
quantity of toxicity in their exhaust and they have no preference as the use of NF3 or C2F6 as
their process gas, in situations where they have better ability to abate F2 than HF, they may want
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to use NF3 as their raw material; on the contrary, if facilities are better equipped to remove HF
than F2, they may want to select C2F6 instead of NF3 in their reactions.
1.0.1.1

Component 1 – Identify the most toxic wastes to humans and the environment
1) Create a characterization scoring system consistent with accepted international
standards
The Kyoto Protocol is an international agreement extending to the 1992 United Nations

Framework Convention on Climate Change (UNFCCC) that commit state parties to reduce
greenhouse gas emissions (“KYOTO PROTOCOL TO THE UNITED NATIONS
FRAMEWORK CONVENTION ON CLIMATE CHANGE”, 1998). The protocol was adopted
in Kyoto, Japan on December 1997 and it entered into force on February 16, 2005. 192 states
signed and ratified the Kyoto Protocol in 1997. The United Nations Conference of the parties
adopted the Doha Amendment (“Doha Amendment to the Kyoto Protocol, United Nations
Framework Convention on Climate Change (UNFCCC)”, 2012) as an amendment to the Kyoto
Protocol after the Kyoto Protocol expired in December 2012. The Doha Amendment established
new commitments for the period of 2013 to 2020. The United States of America signed the 1997
Kyoto Protocol but did not ratify it; China and India are among over 100 developing countries
that are exempted from the treaty. Canada officially renounced the Kyoto Protocol in December
2011.
The goal of the Kyoto Protocol was to gather global collaborative effort to combat global
warming/climate change via greenhouse gas emission. The Kyoto Protocol contained concrete
mandatory aims for countries that had signed it. When project managers are managing facility
gas emission portion of waste, they should confirm whether or not the regions have signed and
ratified the Kyoto Protocol and the Doha Amendment. Countries may change their pledges when
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new president/governing parties coming into power. For example, the U.S. signed the Kyoto
Protocol in December 1998 under President Clinton. In March 2001, then President Bush
announced that the U.S. would not implement the Protocol. On September 3, President Obama
signed and officially joined the Paris Agreement without Congressional approval. The Paris
Agreement is an agreement within the framework of UNFCCC dealing with greenhouse gas
emission mitigation, adaptation, and finance (“Paris Agreement, United Nations Framework
Convention on Climate Change (UNFCCC)”, 2015). The current government participates in the
Kyoto Protocol/Doha Amendment, and or the Paris Agreement, project managers should confirm
what the targets are: covered emission gas and reduction levels (“Depledge, J. (November 25,
2000) United Nations Framework Convention on Climate Change (UNFCCC)”). For example,
the greenhouse gases included in the Kyoto Protocol were: Carbon dioxide (CO2), Methane
(CH4), Nitrous oxide (N2O), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), and
Sulphur Hexafluoride (SF6). Under the Doha Amendment, Nitrogen trifluoride (NF3) was added
to the list.
Besides international protocols and agreements, project managers need to focus on the
raw materials facilities use. The purpose of MSDS/SDS is to provide users hazardous and
technical information of chemicals such that they know how to handle such chemicals
appropriately and to prepare for foreseeable and unforeseeable excursions. American National
Standards Institute (ANSI) introduced the sixteen-section content as the format to standardized
MSDS in 1993 per OSHS Hazardous Communication Standard. ANSI is the official United
States representative to the International Organization for Standardization (ISO). Although some
jurisdictions have different content requirements, United States OSHA’s MSDS format is widely
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accepted internationally, and the information needed to create a characterization scoring system
can be easily extracted from the ANSI format MSDS and SDS.
In general, when a substance is listed as hazardous by one region, primarily by the U.S.
EPA, other agencies will also consider this material as hazardous.
Section 15: Regulatory Information of SDS contains U.S. regulations, state regulations,
and international regulations. Although OSHA does not enforce this section, many chemical
manufacturers provide this section in their SDS. For example, one can extract information from
this section to complete the following form which is going to be posted next to the reactor to
describe the chemicals that may be in its exhaust stream:
Table 4.6
Chemicals
AsH31
H22

Examples of international regulations of AsH3 and H2 gases
US Federal
Regulations
TSCA,
SARA
TSCA
CAA

US State
Regulations

Canada
Regulations
DSL

EU
regulations
EINECS

International
Regulations
IARC, etc.

Listed in
DSL
EINECS
AICS, etc.
MA, NY,
NJ, PA
1
Arsine, Safety Data Sheet P-4565, Praxair, 2016. Retrieved from http://www.praxair.com//media/documents/sds/arsine-ash3-safety-data-sheet-sds-p4565.pdf
2
Hydrogen, Safety Data Sheet, Airgas, 2015. Retrieved from
https://www.airgas.com/msds/001026.pdf
Many regions have their chemical inventories that are lists or databases of chemical
substances, which are manufactured or imported into the country or region. The following is a
table of some of these regions and their inventories/databases:
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Table 4.7

Examples of some regions and their chemical inventories

Regions

Chemical Inventories / Databases / Systems

Australia

AICS = Australian Inventory of Chemical Substances

Canada

DSL/NDSL = Domestic Substance List/Non-Domestic Substance List
WHMIS = Workplace Hazardous Materials Information System

China

IECSC= Inventory of Existing Chemical Substance in China

EU

EINECS/ELINCS/NLP = European Inventory of Existing Commercial
Chemical Substances / European List of Notified Chemical Substances / Nolonger Polymers

Japan

ENCS= (List of) Existing and New Chemical Substances

Korea

KECI = Korea Chemical Compliance Services

New Zealand

NZIoC = New Zealand Inventory of Chemicals

Philippine

PICCS = Philippines Inventory of Chemicals and Chemical Substances

Taiwan

NECI = National Existing Chemical Inventory

US

TSCA = Toxic Substances Control Act
SARA = Superfund Amendments and Reauthorization Act
EPCRA = Emergency Planning and Community Right-to-Know Act
CERCLA = Comprehensive Environmental Response, Compensation and
Liability Act
TRI = Toxic Release Inventory
CAA = Clean Air Act
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2) Develop process/forms to score waste toxicity/impact
When any facility manages its wastes, except nuclear plants, the first question facilities
should ask themselves is whether or not their waste is hazardous waste regulated under the
Resource Conservation and Recovery Act (RCRA). To evaluate whether or not the wastes are
hazardous is a confusing and challenging process.
The United States Environmental Protection Agency has published a document to help
industries to identify whether their wastes are hazardous: Solid Waste and Emergency Response
((5305W) EPA530-K-05-012, “Introduction to Hazardous Waste Identification” 40CFR Part
261, United States Environment Protection Agency, 2005).
As mentioned above, the National Fire Protection Association’s NFPA 704, a.k.a. the
NFPA Diamond is a standard for identifying hazardous materials and emergency responses. The
colorful 4-section diamond provides four hazard categories: Health [Blue, left], Flammability
[Red, top], Reactivity [Yellow, right], and Special Warnings [White, bottom]. Except for Special
Warnings categories, the other three categories also have a number to indicate the severity of
danger with 0 = Minimal hazard to 4 = Extreme hazard.

Figure 4.5

NFPA Diamond
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Table 4.8

NFPA diamond labeling system explanation

Health

Level
4
3
2
1
0

Flammability

Reactivity

Special
warnings

4
3
2
1
0
4
3
2
1
0
W
OX
COR
ACID

Explanations
Deadly
Extreme dangerous
Hazardous
Slightly hazardous
No hazard
Flashpoint
Boiling Point
o
o
o
< 23 C (73 F)
<38 C (100 oF)
> 23 oC (73 oF)
> 38 oC
38 C to 23 oC
> 93 oC (200 oF)
Material will not burn
May detonate
Shock and heat may detonate
Violate chemical change
Unstable if heated
Stable
Use no water; Reactive to Water
Oxidizer
Corrosive
ACID

The NFPA diamond is a simple form of hazardous information labeling system. Most
MSDS provide NFPA information, but NFPA is not required in the first 15 sections in SDS.
Some chemical providers may provide NFPA information in Section 16: Other Information, in
their SDS.
In SDS Section 2 is “Hazard(s) Identification”. Since SDS adopts GHS format, hazard
information of chemicals from this section is acceptable internationally.

168

The required sub-sections in Section 2 include:
•

Classification of the substances or mixture

•

Label elements

•

Other hazards

SDS use three hazard classes: Health Hazard, Physical Hazards, and Environmental
Hazards (“HAZARDOUS COMMUNICATION”, 2016). Each hazard is then further divided
according to different severity levels. Also, each class has one or more associated categories.
Hazard Communication Standard (HCS) under OSHA aligned with GHS and features nine
pictograms, graphic images, to alert users of the chemical hazards to which they are exposed.
Table 4.9

GHS nine pictograms and their explanations
Pictograms

Symbols inside Red Square
Flame over circle

Hazards
Oxidizers

Flame

Flammables
Pyrophorics
Self-heating
Emits Flammable gas
Self-reactive
Organic Peroxides

Exploding Bomb

Explosives
Self-reactive
Organic Peroxides
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Table 4.9 (continued)
Skull and Crossbones

Acute Toxic (severe)

Corrosion

Burns skin
Damages eyes
Corrosive to metals

Gas Cylinder

Gases under pressure

Health Hazard

Carcinogen
Mutagenicity
Respiratory sensitizer
Reproductive toxicity
Target organ toxicity
Aspiration toxicity
Acutely toxic (harmful)
Irritant to skin and eyes,
Respiratory tract irritant
Skin sensitizer
Hazardous to the ozone
layer
Narcotic effects
Toxic to aquatic
environment

Exclamation Mark

Environment
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In addition to the nine-pictogram format, SDS also uses Hazard Class to convey to users
the types of hazards and their severity. There are three types of Hazard Classes: Health, Physical,
and Environment. Each hazard class has at least one category that is assigned a number. Within
the same hazard class, Category 1 is the most hazardous, next is Category 2 and so on. The
following table summarizes the ten Health hazard classes and sixteen Physical hazard classes and
their meanings and possible categories ratings (“A Guide to The Globally Harmonized System of
Classification and labeling of Chemicals (GHS)”, 2012):
Table 4.10

Ten Health hazard classes and sixteen Physical hazard classes and their ratings

Health / Physical /
Environmental Hazards:

Description

Possible
Categories
Rating*

Acute toxicity

Rapid danger to humans

1 to 4

Skin Corrosion/Irritation

Will damage skin

1 or 2

Serious eye damage/ Eye
irritation

Serious damage to eyes is possible

1 or 2

Respiratory or skin
sensitization

May affect skin or breathing or make
them susceptible to further damage

Germ cell mutagenicity

Cause undesirable changes at the
cellular level

1 or 2

Carcinogenicity

Cancer-causing

1 or 2

Reproductive toxicity

May affect the reproductive system

1 or 2

Specific target organ toxicity –
Single exposure

Materials are known to damage
specific organs with one dose

1 to 3

Specific target organ toxicity –
repeated or prolonged
exposure

Materials are known to cause damage
specific organs with multiple or longterm doses

1 or 2

171

1

Table 4.10 (continued)
Aspiration hazard

Dangerous if droplets or mist is
inhaled

1

Explosives

Explosive

1

Flammable gases

Gases may cause a fire

1&2

Flammable aerosols

Aerosol cans contain flammable gases

1&2

Gases under pressure

Compressed gases

N/A

Flammable liquids

Vapor of liquid may ignite

1 to 4

Flammable solids

Solids that ignite on contact with air or
moisture

1&2

Self-reactive chemicals

Materials may ignite spontaneously

A-G

Pyrophoric liquids

Liquids may ignite on exposure to air

1

Pyrophoric solids

Solids may ignite on exposure to air

1

Self-heating chemicals

Materials may give off heat

1&2

Chemicals which in contact
with water emit flammable
gases

Materials have a strong reaction to
water

1 to 3

Oxidizing liquids

Liquids will supply oxygen to a fire

1 to 3

Oxidizing solids

Solids will supply oxygen to a fire

1 to 3

Organic peroxides

Materials may form a flammable
material over time

Corrosive to metals

Materials can damage metals

Acute aquatic toxicity

Materials may cause injury to aquatic
organisms in short-term exposure

Oxidizing gases
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1 to 3A – G
1
1 to 3

Table 4.10 (continued)
Chronic aquatic toxicity

Materials may cause adverse effects to
aquatic organisms during exposures
which are determined in relation to the
life cycle of the organism

1 to 4

*Possible Categories Ratings with 1 = highest hazard to 4 = lowest hazard
Each of the three hazardous class/category/label systems mentioned above: NFPA 704,
SDS/GHS Nine pictograms, and Hazard Class can be used as background to set up a process or
form to score the waste toxicity and impact.
Microsoft's Excel or Access data recording software formats can be very helpful for users
because users can not only update the data fast, they can use the filter function to compare
chemicals’ toxicity information.
For example, we set up a simple table using the four categories in NFPA system against
four known entities from the semiconductor reactor exhaust stream after clean processes:
Table 4.11

Example of four exhaust gases against NFPA’s four categories

Health
Flammability
Reactivity
Special

4.3.4

C2F6
2
0
0

NF3
1
0
0
OX

HF
4
0
0
ACID

F2
4
0
4
W OX

Module 2 – Element 4: Identification of Opportunities that Address Key
Stakeholders Concerns
Before identifying and assigning tasks in this element, project managers should determine

who the “key stakeholders” are. Identifying the right stakeholders is vital to obtaining support for
project activities and their success. Key stakeholders include not only officers of the company;
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heads of departments, local politicians, some government agencies and local community leaders
can be essential stakeholders to facilities. Collecting insight from stakeholders may lead project
managers to uncover problems which have been hidden before.
The quality of answers depends on the quality of the questions, while the depth of the
questions depends on stakeholders’ knowledge of the topic. Therefore, project managers can use
their understanding of stakeholders to constrain the objectives, goals, and questions of their
questionnaire.
For example, consider a hot sauce manufacturer operating in a small town, and this plant
employs most of the residents in the town. Recently the residents living near the plant
complained that the fumes from the plant were making them sick -- especially when the wind is
picked up. Government air quality agencies have conducted tests and found the air quality was
not in violation of regulations. This manufacturer has three clear options: (1) change the
operation by taking remedial steps such as installing more air filters and servicing the filters
more frequently, (2) move to a town where the plant is welcome to operate, or (3) do nothing
since the plant is operating legally. As this example shows, not only the employees working
inside the facility, residents, local and government agencies outside of the installation are
essential to operations.
4.3.4.1

Component 1 – Gather stakeholders' concerns via questionnaire and/or surveys
1) Prepare sample questionnaire and discuss the process
Frequently, the terms questionnaire and survey are synonymous. Based on the Oxford

dictionary, the definition of questionnaire is a set of printed or written questions with a choice of
answers, devised for the purpose of a survey or statistical study, while the definitions of survey
are (1) a general view, examination, or description of someone or something, and (2) an
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investigation of the opinions or experience of a group of people, based on a series of questions.
Based on these definitions, a questionnaire is a tool, which is used for a survey that encompasses
other features of the research process such as research design, data collection, and data analysis,
etc.
Since project managers’ goal is to achieve sustainable waste management project
mangers may want to let stakeholders know this is the topic of a questionnaire. The following is
a sample questionnaire that project managers may use.

Figure 4.6

Sample Questionnaire for Stakeholders
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Although customers are not considered as stakeholders of companies, customers’ voice
can cause more impact than any stakeholders. Voice of Customer, VOC, was a term describing
the experiences, needs or requirements of customers in the past; today VOC has become a
process in business that explains how an enterprise proactively captures their customers’
changing needs and expectations for products and services. The VOC concept was first
introduced in Quality Function Deployment (QFD) by Yoji Akao in 1966. “House of Quality”
(HOQ) matrix is the most recognized design tool of QFD. HOQ matrix is made up of six major
components:
1. Customer Requirements
2. Technical Design Requirements
3. Planning Matrix / Customer Perceptions
4. Interrelationship Matrix
5. Technical Correlation Matrix
6. Prioritized Requirements/ Competitive Benchmarks Technical Targets
The above six components allow the HOQ matrix to display the intricate relationships
(from weak to strong) and correlations (from strong negative to strong positive) among
customer’s requirements and technical aspects of products/services in a two-dimensional format.
HOQ is the product from the first phases of the four-phase QFD model.
The following table describes the four phases of QFD.
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Table 4.12

Four phases of QFD
Product
Life Stage

Tasks

Departments Involved

Phase 1

Product
Planning

Gathering customer voices to generate HOQ

Marketing

Phase 2

Product
Design

Create product concepts and document
specifications

Engineering

Phase 3

Process
Planning

Generate manufacturing process flow charts
and process parameters

Manufacturing

Phase 4

Production
Planning

Monitor product process, maintenance
schedule, prevent failures

Quality Assurance

As indicated in the above table, QFD requires cross-departmental support to accomplish.
In our Element 4 of Module 2, we may employ HOQ matrix to identify critical technical issues
that we have been unaware of and need to be changed. The following phases of QFD may be
applied in other modules of our framework.
4.3.5

Module 2 – Element 5: Identification of Opportunities that Reduce Costs
Any project that successfully reduces the mass, volume, or concentration of waste may

also reduce the expense associated with handling and disposing of that waste. Alternatively, it
may reduce the quantity of raw materials and other resources needed. One example of such an
opportunity would be if project managers and workers are capable of improving the efficiency of
a chemical reactor. Perhaps, after the project, less toxic raw materials will be required for the
process, and as a result, a reduced quantity of toxic residue will be in the exhaust stream. Indeed,
smaller amounts of such poisonous waste will require less cost to abate and dispose of.
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4.3.5.1

Component 1 – Review waste disposal cost
1) Develop specifications or sample forms to identify high-cost waste streams
The U.S. EPA requires facilities to keep records of their waste disposal (“Reporting And

Recordkeeping Requirements For Waste Disposal, A Field Guide”, 1990) (“Hazardous Waste
Report”, n.d.) The U.S. EPA regulations of hazardous wastes are certainly more constrained than
those regulations of non-hazardous solid wastes. In addition to federal regulation, some states
also have developed their state guidelines. The U.S. EPA requires the states' hazardous waste
regulations to be as stringent as those established at the Federal level. For example, the Kansas
Department of Health and Environment Bureau of Waste Management (BWM) provides a “Solid
and Hazardous Waste Recordkeeping Requirements Technical Guidance Document HW-2015G1” (“Solid and Hazardous Waste Recordkeeping Regulations Technical Guidance Document”,
2015)
In addition to the direct costs one can obtain from official waste disposal records, there
are waste-related expenses. For example, the operation and maintenance costs of pollution
control equipment like house scrubbers and point-of-use scrubbers. Also, there are costs
associated with untreated toxic/harmful chemical.
Before locating waste disposal cost, project managers need to identify types of wastes
generated and which reactors/equipment generate these wastes. These residues are those that will
leave facilities; these wastes include gas exhaust from house exhaust to open air, wastewater
exiting facilities to public drainages, liquid wastes stored in barrels and solid and hazardous
wastes stored in containers waiting to be transported to treatment facilities and disposed of.
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The following is a sample of a “waste generation form” project managers may distribute
to EH&S and or facility engineers who have deep knowledge of wastes being generated from
their assigned responsibility to fill out:
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Figure 4.7

Example of waste generation form sccm = standard cubic meter per minute
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4.3.5.2

Component 2 – Identify waste streams that represent inefficiency or loss of
high-cost raw materials
1) Develop feedback forms and processes to identify processes or alternative methods
The following is a sample feedback form:

Figure 4.8

Example of feedback form for SIWM projects

In addition to the above techniques to seek SIWM opportunities, another technique
focuses on environmental factors based on Life Cycle Analysis (LCA). LCA is a comprehensive
tool for investigating the environmental impacts of a product/system, and therefore LCA is a
logical choice of tool to compare solutions and or seek out processes for improvement.
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Life Cycle Analysis attempts to determine true environmental costs for a process or
product by considering impacts both up and down the supply chain from the immediate product
or process under consideration. As a simple example, an LCA analysis of an electrically operated
machine would consider the environmental impact of electrical generation and consider whether
that generation was coal based, nuclear, solar, geothermal, etc. Though an electric heater may
generate negligible air emissions, LCA would reveal significant emission costs if such electricity
was generated using fossil fuels.
A key challenge when employing LCA is determining where to draw system boundaries.
In theory, LCA could extend upward or downward from the supply chain into infinity. In
practice such an approach is infeasible. Although very extensive LCAs have been conducted,
there was never, and will likely never be, a fully exhaustive quantitative LCA for any but the
most trivial of cases (Graedel, 1998).
LCA is extremely powerful and informative as it helps to prevent unintended
consequences from changes and suggests changes that may at first appear to be non-sustainable
may be more sustainable than current practice or alternate choices when the entire supply chain
is considered. As an example, consider one of the earliest published LCA’s where Coca Cola
considered the environmental impact of shifting from refillable bottles to disposable cans.
Though Coca Cola expected the change to reduce sustainability, LCA revealed the opposite was
actually the case (washing returned bottles is environmentally very unfriendly).
However, LCA is not perfect; it has a number of shortcomings. Comprehensive LCA
study involves extensive data relating to materials qualities and quantities, energy usages,
emission and environmental responses. Thus, LCA is expensive and resource and timeconsuming. Also, the aggregated data may have gone out of date due to the fast pace of change
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in technology applications. Other challenges to LCA include unobtainable data in life cycle
inventory and uncertainty and subjectivity in life cycle assessment; these flaws affect the
accuracy, precision, and reliability of LCA results (Bala, et al, 2010) (Ayres, 1995) A simplified
LCA is a streamlined version of detailed LCA. There are several definitions of simplified LCA
but none of them give a detailed and precise description of what a simplified LCA should be. A
fairly complete definition of simplified LCA was provided by Guinée and colleagues (Guinée,
2002) (Salomone, Clasadonte, Proto and Raggi, 2013), with some elements being omitted and
not in full compliance with the ISO1404x standards and representative of studies that typically
require from 1 to 20 person work days. It is agreed that the simplified LCA is less complex than
the detailed LCA (Guinée, 2002). Simplified LCA, which some researchers also call,
Streamlined LCA, SLCA, while others call it abridged LCA, is not a different approach or
methodology for LCA; in fact, streamlined LCA is an inherent part of any LCA because
streamlining is a routine element in defining the boundaries and data needed for LCA study
(Todd J.A. and Curran, M.A., 1999). Simplified LCA like the environmentally responsible
product assessment matrix (ERPA) and Materials, Energy, Chemicals and Others (MECO)
(Hochschorner & Finnveden, 2003) (Wenzel, 1998) and other SLCA have been developed,
reviewed and applied on studies. (Christiansen, 1997) (Todd & Curran,1999) (Weinberg &
Eagan, 1997) As one may notice, SLCA focuses on environmental aspects and not on
economical nor social aspects.
Streamlining LCA can be achieved in different ways:
•

Limiting scope

•

Eliminating life-cycle stages that are deemed insignificant

•

Eliminating processes whose environmental impact are irrelevant to project goal
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•

Limiting or eliminating impact analysis

•

Using qualitative information

•

Using surrogate data

•

Focusing only on selected environmental impacts

•

Focusing only on selected inventory parameters

•

Using available secondary data

SLCA adopts a matrix approach in which different life-cycle stages are evaluated for
their potential impacts against a list of selected environmental concerns. The following is a
generic SLCA matrix (Graedel & Allenby, 1995):
Table 4.13

A generic SLCA matrix

Life Stages
Materials
Choice

Environmental Concerns
Energy
Solid
Liquid
Use
Residues
Residues

Gaseous
Residues

Pre-manufacture
Manufacture
Product Delivery
Product Use
In-Service Maintenance
Product End-of-Life

Like the LCA method, simplified LCA methods are not perfect. Simplified LCA methods
are very subjective; they rely on the experience of users. Also, different simplified LCA methods
may yield different results because these methods skew towards different stages and factors.
Thus, no one SLCA method fits all products (Hue, Lee. Ryu & Kwon, 2005). However, results
generated from simplified LCA methods are better than no results at all. Also, simplified LCA
methods are just another avenue to find SIWM opportunities for our research.
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4.4
4.4.1
4.4.1.1

Module 3: Prioritize Opportunities
Module 3 – Element 1: Identification of Goals Addressed by Each Opportunity
Component 1 – Elaborate the Benefits of the Opportunity in Terms of
Sustainability Goals
1) Demonstrate procedure or template to identify the goals met by a potential project
Steps to identify potential projects:
Step 1: Make a list of potential projects
Step 2: Make a short description of each potential project
Step 3: Provide reasons for projects
Step 4: Describe project goal(s)
Step 5: Gather information relating to potential projects and put into a form or table

format.
The following table illustrates examples of projects and their information that may assist
project managers to select potential projects:
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Table 4.14

Examples of potential sustainability projects
Sustainable Industrial Waste Management Project:

Project

Facility Can Afford Project

Goals and Description
Reasons for

under Preliminary Estimation

helium gas

substitute

Ready to

need to notify production

processes; facility engineers

gas as carrier gases in some

The facility uses non-Noble

substitute

wastes generated from this

facilities need to prepare for the

to replace Helium as a carrier gas,

Unless another Noble gas is used

Concerns / Expectation

There is a

with non-

workers of possible changes

Description
Goal(s)

Substitute
shortage of

Noble gas as

of carrier gas before

Project Titles
Project
Substitute

supply;

with another helium gas

Helium gas

facility should

a carrier gas

production.

of project
carrier gas

have a plan to

when helium

carrier gas

substitute for

another carrier gas runs out
without
interrupting
production.
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Replace
reactor with

Replace old
prone to be

reactor is

The aging
wastes in the

quantity of

Reduces the

reactor

line time to install a new

resource capability and off-

The facility has budget,

The old reactor may not have a

wastes at the exhaust.

both volume and toxicity of

Increasing efficiency may lessen

4.14 (continued)

Reactor
a new
exhaust

buyer, so it will have a disposal

less efficient
and

expense.

reactor
subsequently
more wastes
are generated

for the

Raw materials

Substitute

non-global

gas with

warming

global-

Replacing

at reactor

warming gas

global-

abating

incapable of

The facility is

in the facility

gases usage

warming

global-

Eliminate

within one day

and changes can be finished

replacement raw chemicals,

The facility has permits for

Replacement raw material may

to abate and report.

Replacement raw materials will

replacement raw materials.

reactor to be calibrated for

It will take some time for the

in the exhaust

Reactor
warming

exhaust

original raw materials.

but it may not be as efficient as

generate less harmful wastes,

generate other types of wastes

gas at
reactor inlet
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Project timeline

Also, project managers can set up a table like the one below to illustrate the pros and cons of different projects against the three

Potential Cons

goals and other factors in sustainable waste management:

Waste Environmental Impact
Reduction

Comparing potential opportunities against different factors

Waste Expense Reduction

Sustainable Industrial Waste Management Project:
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Budget need for

Pros and Cons of Goals

Other benefits

Table 4.15

Project Title
Waste Quantity Reduction

Yes

Increase efficiency
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New reactor
Facility needs changes
Disposal of old reactor
Downtime to change out reactors

Shut down production for a week
Facility changes

>1 week

Table 4.15 (continued)

Yes

Replace

Reactor

Possible

Yes

May avoid certain hazard type
wastes

equipment

May create different types of

wastes that require a learning curve

to adapt to

Three weeks including training and

Table 4.15 (continued)
Substitute
C2F6 with NF3
as Etch process
gas at reactor

May use less costly abatement
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calibration

inlet
(Utilization
rate of NF3 is
about 90-99%
while that of
other PFCs is
about 30-40%)

Yes

The above tables are intended to lay potential opportunities against the same objects for easy comparison.

Possible

4.4.2
4.4.2.1

Module 3 – Element 2: Prioritization of Goals
Component 1 – Select goals that are the most urgent
SIWM project managers can use flowcharts or tables or couple both together as tools to

select the most crucial goals. The following is a table describing projects and their goals.
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Table 4.16

Comparing opportunities against goals

An aged
reactor needs
more frequent
maintenance
to keep up
with
acceptable
efficiency

Substitute
C2F6 with
NF3 as Etch
process gas at
reactor inlet

NF3 showed
higher
utilization
rate than
C2F6

Change
Scrubber type
from wet to
dry type to
abate NH3
such that
conc. of NH3
down
drainage is
removed

Conc. of NH3
in wastewater
drains is
above city
acceptable
max. limits.

Yes
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Yes

Reduce Waste
Expense

Change
Scrubber
type

Replace aged
reactor with
the latest
model of the
reactor

Reduce Wastes
Quantity

Substitute
Raw
Materials

Reason(s)

Reduce Waste
Environmental
Impact

Replace
Reactor

Project
Description

Comply with
Regulations

Projects

Fix Regulation
Violation

Goals

Possible

Yes

Yes

Possible

Yes

Possible

Possible

Possible

Possible

4.4.2.2

Component 2 – Assign order to the goals based on the decision-making
guidelines
The goal of this task is to develop specifications and supporting materials to facilitate

decision making across competing goals in an environment with limited resources and to assign a
hierarchy to the projects based on the results.
SIWM project managers can build another table based upon the above table against
additional factors to facilitate project selection. These factors include, but are not limited to, the
following factors: urgency, budget estimation, and project length.
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Reduce Waste Environmental
Impact

Possible

Yes
Possible

Possible

Possible
Possible

Yes

Project Lengths

Goals

Budget Estimation

Urgency

Reduce Waste Expense

Reduce Wastes Quantity

Comply with Regulations

Yes

Yes

Fix Regulation Violation

Reason(s)

Possible

An aged reactor
needs more frequent
maintenance to keep
up with acceptable
efficiency

Project
Description

Yes

NF3 showed higher
utilization rate than
C2F6

Change
Scrubber
type

The concentration of NH3
in wastewater drains is
above city acceptable max.
limits

Substitute
Raw
Materials
Replace aged
reactor with the latest
model of the reactor

Replace
Reactor

Substitute C2F6
with NF3 as Etch
process gas at
reactor inlet

Projects

Change Scrubber type
from wet to adsorbent type
to abate NH3 such that
concentration of NH3
drainage is removed

Table 4.17
Comparing opportunities against goals and additional factors
Project
Factors

In addition to the above information table, we can enlist the analytical hierarchy process
(AHP) to prioritize the potential SIWM opportunities.
4.4.3

Module 3 – Element 3: Advance for Consideration Opportunities that Most
Effectively Impact Current Goals
The following is a flowchart describing how we are going to consider opportunities in

general:
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Figure 4.9

1.0.1.1

Flowchart describes considerations of opportunities

Component 1 – Determine mix of projects vs. budget
1) Discuss consideration and decision-making tools to be used to allocate limited
resources. Provide templates to aid the process
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Budgets are plans to forecast future expenses and allocate appropriate resources to meet
with these expenses in a specified period of time. An efficient utilization of resources can help an
organization achieve its goals. There are different types of budgets. The budget types can be
grouped into three main classes: (1) Functionality budgets, (2) Flexibility budgets, and (3) Period
budgets. The following is a list of some of these budget types.

Figure 4.10

General types of budgets

Not all functionality budget types are needed for SIWM opportunity selection.
A table with project names against budget types can help users to make comparisons and
selections. Both the detailed description table and the simple check mark table have their pros
and cons for helping users. The following example uses the mixed detail description and
checkmark to compare three projects:
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Comparing opportunities against budgets

Long term

Short term

Cash budget

Manufacturing overhead

Labor budget

Material budget

Production budget

Projects

Period Budgets

Flexible budget

Flexibility
Budgets

Functionality Budgets

Fixed budget

Table 4.18

Replace
Reactor

yes

yes

yes

yes

no

yes

-

2
months

-

Substitute
Raw
Materials

no

yes

no

no

no

-

yes

1
month

-

Change
Scrubber
type

yes

yes

yes

no

no

yes

-

-

6
months

Results from LCA depend on many factors: assumptions made in the study, the time
frame of the study, allocation of the environmental burden to different life cycles stage, etc.
With the addition of incomplete and or questionable quality of ecological input data, the LCA
method yields subjective results, which contain significant uncertainties. However, the LCA
method is not the only method that suffers from generating subjective and uncertain answers
(Ekvall et al, 2007).
Here are three opportunities identified in Module 2:
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Table 4.19

Three opportunities and their descriptions

Opportunity

Alternative
Solutions

Current
situations

The reactor is
generating
more wastes
and local
abatement
system needs
more
maintenance

(1) Replace
local
abatement
system with
a new
system;
(2) Change
abatement
type: wet
scrubber vs.
adsorbents
scrubber;
(3) Change raw
chemicals
entering the
reactor

A five years
old wet
scrubber

NF3 vs.C2F6

C2F6 is the
current raw
gas

Change raw
chemicals
entering the
reactor

Background
Different abatement
type technologies
provide different
efficiency levels
which subsequently
change the costs in
economic,
environmental and
social issues.

Goals
Seek out a more
sustainable
abatement solution

Different raw
chemicals generate
different by-products
that need to be
abated.

*this
opportunity
was
considered as
the third
solution from
the previous
opportunity
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Clean gases used in
reactor generate
different byproducts; these byproducts possess
different
sustainability issues

Compare two raw
materials’
sustainability costs

Table 4.19 (continued)
Want to
reduce costs
to dispose of
containers of
used
adsorbents

One-time use
canister vs. Reuse canister

One-time
use canister

Re-using containers
is common practice;
however, does it
apply to containers
inside which
adsorbents had
contacted toxic
gases?

Investigate which
type of containers is
more sustainable to
house adsorbents
which are used to
abate toxic gases

In Module 3: Prioritizing Opportunities, the tasks are intended to sort out opportunities
based on the urgency of the opportunities, rather than by the fitness of their goals to company’s
missions. Violating regulations and safety at work should be treated as the most urgent matter.
Assume none of the above opportunities are an urgent matter. These opportunities and their
alternative solutions will be used in the following sections to illustrate the applications of our
SIWM framework and the tasks.
If project managers have the opportunity costs and budgets data available for review, the
following table can help them to summarize this information:
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Figure 4.11

Individual opportunity summary

It would be nice if project managers could obtain all costs before choosing the
opportunities and their solutions. Then they could compare the opportunities side by side and
costs by costs. However, sometimes project managers may need to choose the opportunities
before they can start collecting information and costs. In situations where the exact value of costs
is not available, and the opportunities are not urgent matters, project managers may use a rating
table to rate each opportunity and then prioritize these opportunities:
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Table 4.20

Rating individual opportunity against different factors

Opportunity:
Date:
Factors

Rating

Urgency of opportunities / solutions

Urgent / Not urgent

Close to company goal

Very close / Close

Preference of opportunities / solutions

Prefer / Indifferences

Ease of opportunities / solutions to apply

Easy / Medium / Hard

Length of opportunities/ solutions analysis

Short (3 months) / Medium (6 months) / Long
(1 year)

Potential interruptions of normal operations

Yes / No

Reward of opportunities / solutions

High / Medium / Low
Long time to show / Immediately

Positive impacts on
Economic

Low / Medium / High

Environmental

Low / Medium / High

Social

Low / Medium / High

Negative impacts on
Economic

Low / Medium / High

Environmental

Low / Medium / High

Social

Low / Medium / High

Estimate monetary budget

$

Estimate labor budget
Opportunity priority

/ labor hour
Low / Medium / High
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The above is only an example. The above “Low / Medium / High” rating is also just an
example. Project managers may use a number instead of words to rate the opportunities. Project
managers can use any type of rating system they prefer. The last row is the summarized rating of
an opportunity. The rating is just trying to assist project managers to do a preliminary
comparison of the opportunities without exact costs available.
Assume that after we finish the tasks in Module 3, we come to the following results:
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Table 4.21

Example of opportunities verse budgets

Opportunity
The reactor is
generating
more wastes
and local
abatement
system needs
more
maintenance

Change raw
chemicals
entering the
reactor

Opportunity
Priority
Medium

High

Alternative
solutions
Replace local
abatement
system with a
new system

Sustainability
Issues
Low

Time
Budgets
No

Resource
Budgets
Maybe

Change
abatement
type: Wet
Scrubber vs.
Adsorbents
Scrubber

Medium

Maybe

Maybe

Change raw
chemicals
entering the
reactor
NF3

High

Yes

Yes

High

Yes

Yes

C2F6

High

Yes

Yes

One-time use
canister

High

Yes

Yes

Re-use canister

High

Yes

Yes

(NF3 shows
higher
utilization rate
than PFCs)
Want to
High
reduce costs to
dispose of
containers of
used
adsorbents
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From the above results, we would move the first opportunity in the opportunity list to the
back of the queue for next time when we consider opportunities for sustainability projects, while
both opportunities 2 and 3 on the list seem to tie at high priority. In this case, project managers
can pick either one based on their preferences, or they can look one layer deeper into the
solutions’ costs to choose the one which is more appropriate to implement. Or project managers
can work on both opportunities simultaneously. The tasks in Module 4 are comparing solutions
for these opportunities.
Assume project managers select both opportunities for changes:

4.5

•

Opportunity 1: Change raw chemicals entering reactor (C2F6 is the current clean gas)

•

Opportunity 2: Want to reduce costs to dispose of containers of used adsorbents

Module 4: Compare Solutions for Opportunities
Sustainability is the ability to be sustained, supported, upheld, or confirmed

(Dictionary.com, 2019). The most commonly quoted definition of sustainability is from
Brundtland (1987): “Sustainable development is development that meets the needs of the present
without compromising the needs of future generations to meet their own needs." The
opportunities selected for our SIWM aim at achieving better sustainability status/characteristics
of any process/system. The system boundary of our SIWM framework embraces three domains:
economic, environmental and social. Therefore, the results generated from our SIWM framework
are attempting to balance economic, environmental and social issues. The aspects branching
from these three domains include, but are not limited to quality, quantity/volume, impact with
respect to time, etc. To compare solutions for opportunities, we need to have a measuring system
to score each aspect. Also, when we are trying to measure something, we need ¬¬to know what
to measure, how to measure and frequency of measurements, etc. An effective sustainability
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metric measuring system should embrace attributes that contain, but are not limited to the
following characteristics:
•

Metric is relevant to the project goal

•

Metric is fair to all opportunities

•

Quantifiable variables are consistent with sustainability principles

•

Data should be simple, unambiguous, and independent

•

Data are available and sufficient

•

Even if not quantifiable, qualitative data are available

•

Data and their corresponding weights are as objective as possible

The metrics for measuring sustainability include indicators, benchmarks, audits, indexes
and accounting, appraisal, and reporting, etc. The research on metrics and methods for
sustainability and sustainable products has also become branches of their own research topics
and they are evolving. There are two classes of indicator metrics: (1) content indicators which
measure the state of a system, and (2) performance indicators which measure the behavior of a
system. For the purpose of improving sustainability characteristics, the metric user would focus
on performance indicators.
The following is a list of some common sustainability indicators/metrics for measuring
sustainability (Hemdi, Zameri & Sharif, 2009):
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Table 4.22

Examples of sustainability indicators/metrics for measuring sustainability

Indicators

Developed / Contributors by

Descriptions / Limitations

Eco Indicator 95

Developed in 1995

Midpoint and impact-oriented method;

Eco Indicator 99

Successor of Eco Indicator 95

contains 100 indicators; ignore
economic factors; damage oriented

Life Cycle Index

Khan, F.I., Sadiq, R. Veitch, B. Indexing system to evaluate

(LiNX)

(2002)

sustainability level; ignore the use and
end of life phases of product

Green Pro (2001)

Khan, F.I., Natrajan, B.R. and

Green Pro I (2002) Revathi, P. (2001)

Applying Multi-Criteria Decision
Making (MCDM) analysis; ignore the

Khan, F.I., Sadiq, R. and

end of life phase; ignore social aspects

Husain, T. (2002)
Ten Golden Rules

“Ten Golden Rules” are a

The rules look at product's pre-use, use,

(Luttropp, C, and

collection of

and after-use life cycle. The qualitative

Lagerstedt, J.

knowledge/guidelines for

analysis relies on users’ knowledge and

2006)

design phase; rules aim at

experience.

achieving lowest economic and
environmental costs. Major
contributor includes Conrad
Luttropp (2006)
Simplified LCA

Graedel T.E. & Allenby B.R.

Reduced scope; cradle-to-grave

(SLCA)

are significant contributors of

analysis; covers only environmental

Environmental

SLCA.

aspects; ERPA matrix provides

Responsible

systematic info

Product
Assessment
(ERPA)
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The multi-dimensional nature of sustainability, un-quantifiable information, uncertainties
and risks, etc. are some of the hurdles analysts have to face when they try to perform
sustainability measurement and assessment (Babcicky, Philipp, 2013) (Bell, Simon & Morse,
Stephen, 2008) (Bohringer, Christoph & Jochem, Patrick E. P., 2007) (Waas et al., 2014).
As shown above, each indicator has its pros and cons. In addition, factors like data
requirements for each method, data availability coupling, the experience of users, etc., have an
impact on the results; sometimes different methods may generate different results. It is not our
research purpose to identify nor rate the currently available sustainability measuring methods and
metrics. As mentioned before, there is no one sustainability measuring method nor metric that
can apply to all situations. From another perspective, there are also no rules stopping us from
using more than one method to measure sustainability, nor there are any rule defining the
frequency of which we want to measure the sustainability characteristics. The ultimate goal of
any sustainability-related measurements is to help users to locate where they are standing with
respect to the sustainability issues. Before anyone wants to go to any destination, they need to
know where they are first. To choose the appropriate measuring methods, users may consider the
following facts:
•

Methods and metrics are acceptable to all participants in the project,

•

Metrics/methods fit the goal/stage of the project,

•

Ample data are available for analysis,

•

Information/data are independent,

•

Analysis time and budget required by methods fits project schedule and budget etc.,

•

Analysis results from methods can reflect the reality of normal operations,
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•

Methods may require special experiments, but they would not interfere seriously with
normal operations.

1.0.1

Module 4 – Element 1: Identify Method for Qualification of Costs
The costs for economic, environmental and social aspects usually use different units. For

example, companies may use market share, percentage of profit increase/decrease from last year,
and accumulation of worker hours as their costs. Solid waste disposal may use both operating
cost per year, quality of damage to the ecosystem and total weight and or volume of pollutants
per year as an environmental cost unit.
Social costs may include dollars spent on physical items, labor services, fines, permit
fees, etc. The dollar amount spent on physical items, services and projects are the easiest to track.
Some companies may already have a system to allocate labor costs for projects. Other social
costs that are hard for project managers to quantify and or trace are those which project managers
have no direct knowledge of. For example, a facility hires a third party to clean its contaminated
parts. The bill that the facility paid to the third party for these cleaning services may be
considered as an economical cost. However, project managers need to make assumptions on the
environmental impacts caused by the solvents used to clean contaminated parts. Also, project
managers will have a hard time to quantify the social implications, e.g., safety costs, of this third
party's employees. Project managers most likely would not have direct knowledge of how much,
how long, and how frequently the third-party employees are exposed to contaminated parts and
cleaning solvents. In such cases, project managers may ask this third-party cleaning company
whether it has such data, or if it can provide data for project managers to calculate estimations
for such social related costs.
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Often, previously developed sustainability measurements metrics, and methods like those
mentioned above already have forms and lists of items to guide users as to what to measure.
However, project managers still need to decide the timing, frequency, and manner to do
measurements. For example, project managers may have intimate knowledge of when is the best
time to collect data: e.g., beginning or ending of shifts; which chemical reactors in the facility
have the easiest access for data collection: e.g., one chemical reactor has the latest software
program which allows remote access of data; whom they should collect data from: e.g., EH&S
members has the SDS which contains the environmental and toxic information of chemicals in
files, etc. Project managers have to make these decisions based on the project goals, past
experiments on measurement methods/metrics and project targets, etc. In some cases, the data
collected may not be useful, or in some situations, other data not listed in developed methods are
required to do the analysis. Often, project managers may need to tweak the developed methods to
fit the project goals. For example, consider the case where project managers are trying to
evaluate the efficiency of the Acid-Waste-Neutralization (AWN) system in the facility. In this
case, the following basic data may be sufficient:
•

The volume of fresh water usage per period of time,

•

The volume of neutralized water down the drain,

•

The amount of chemical to neutralize wasted water, etc.

However, additional information which is not to be listed in the above methods can help
project managers to understand this AWN system better and may lead project managers to
improve the sustainability of this AWN. For example, by changing the type of chemicals to
neutralize the wastewater, the cost of chemicals, the amount of fresh water needed, the amount of
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chemical needed, and the wastewater released outside of the facility will change. Therefore,
project managers may add such items to the list of data required. In summary, past experiments
of measurement methods/metrics and deep knowledge of target products/services/entities can
help project managers identify useful data and management of such data.
Standardization of units for data is essential. Many serious errors occur due to
inconsistent unit usage and due to unit conversion.
When we collect data, we may want to be as non-discriminative as possible and be very
precise. Usually, until we actually put together the data for analysis/comparison, we will not
know which data are needed and useful and which are useless. Too much information and data
could be problematic and overwhelming, but not enough data is a big problem in analyzing the
situation. In summary, we recommend that when we collect data, we obtain numerical data along
with their units and time frame and try to keep this original information in their virgin format.
Another recommendation we have is that the normalization process does not need to be
done early. When we collect relevant data, we should keep the original data unit, for example,
we would put down two gallons of 50% Potassium Hydroxide solution is added to the local wet
abatement system every week. When all data are collected and ready for comparison, then we
can decide which functional units and range of time frame are best for comparison and project
goals.
4.5.1.2

Component 1 – Select most appropriate quantification method
No one quantification method can fit all situations. Selection of quantification methods

may be a challenging process. Sometimes the methods that seem to be the most suitable
quantification methods may not work out because of lack of data/techniques and or budgets to
perform. When choosing from any developed methods, project managers may want to check
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their lists of information requirements to make sure such information is available before using
such methods.
The following are sustainability method examples:
Table 4.23

Examples of sustainability methods

Sustainability

Developers

Descriptions

GRI

Global

The first global standards for sustainability reporting. GRI

Sustainability

Reporting

provides guidance and support to organizations to

Reporting

Initiative

measure and report their economic, environmental and

Standards

(GRI) was

social performance

methods/metric

created in
1997
Life Cycle

International

Assessment

Organization

(LCA)

for
Standardizatio
n (ISO)

Total Cost

AIChE

Assessment

(American

(TCA)

Institute of

Methodology

Chemical
Engineers)

https://www.globalreporting.org/standards
ISO 14040
https://www.iso.org/news/2006/07/Ref1019.html
https://web.stanford.edu/class/cee214/Readings/ISOLCA.
pdf
TCA methodology is based on life cycle approach.
Environmental and human health costs are the foci of
assessment.
https://www.aiche.org/sites/default/files/docs/embeddedpdf/AIChE-IFS-TCAM-Manual_web.pdf
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Table 4.23 (continued)
The

IChemE

The format is consistent with that of Global Reporting

Sustainability

(Institution of

Initiative (GRI)’s Sustainability Reporting Guidelines

Metrics –

Chemical

(www.globalreporting .org)

Sustainable

Engineers)

Development
Progress Metric
Indicators of

Vesela Veleva Focus on six aspects with twenty-two core inductors; core

Sustainable

and Michael

inductors are built upon GRI, ISO 14031 and other

Production

Ellenbecker

groups.

of Lowell
Center for
Sustainable
Production
(LCSP) of
University of
Massachusetts
Lowell

When choosing quantification methods, project managers and participants need to choose
the one that everyone agrees on. Perhaps the chosen method may not suit the project perfectly
nor smoothly and it may need some adaptations. Only experience can lead us to pick more
appropriate methods. There are no rules preventing project participants to develop new
quantification methods or modify available methods to fit their needs. Well-developed
assessments/methods may contain performance forms with lists of indicators and their
corresponding units for users to report data. For example, IChemE’s The Sustainability Metrics
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document mentioned above provides performance metric forms and equations for users to report
data. These metrics are divided into three groups of indicators: economic, environmental and
social, because IChemE team believes that the three groups should be separated in order to give a
balanced view of sustainability performance. Veleva and Ellenbecker (Veleva & Ellenbecker,
2001) of LCSP emphasize that there are six main aspects of sustainable production:
•

Energy and material use (resources)

•

Natural environment (sinks)

•

Social justice and community development

•

Economic performance

•

Workers, and

•

Products

The twenty-two core indicators of sustainable production embraced in the above six
aspects are:
1. Freshwater consumption
2. Materials use
3. Energy use
4. Percent energy from renewables
5. Kilograms of waste generated before recycling
6. Global warming potential
7. Acidification potential
8. Kilograms of PBT chemicals used
9. Costs associated with EHS compliance
10. The rate of customer complaints and returns
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11. Organization’s openness to stakeholder review and participation in the decisionmaking process
12. Community spending and charitable contributions as a percent of revenues
13. Number of employees per unit of product or dollar scales
14. Number of community-company partnerships
15. Lost workday injury and illness case rate
16. The rate of employees’ suggested improvements in quality, social and EHS
performance
17. Turnover rate or average length of service of employees
18. Average number of hours of employee training per year
19. Percentage of workers who report complete job satisfaction
20. Percent of products designed for disassembly, reuse, or recycling
21. Percent of biodegradable packaging
22. Percent of products with take-back policies in place
In our research, we also apply the three pillars of sustainability as key indicators economic, environmental and social:
•

Economic sustainability addresses the financial profitability and growth of a company
and sometimes the economy of a community or even an entire country;

•

Environmental sustainability addresses resource management: air, water, and land,
etc.

•

Social sustainability addresses benefits to people and society.
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A sample list of signature aspects covered by each pillar follows:
•

Economic sustainability: financial growth, research spending, cutting wastes, etc.

•

Environmental sustainability: protect, restore, and preserve resources;

•

Social sustainability: human rights, quality of life, education, law and order, etc.

When we re-visit the Venn diagram of the triple pillars of sustainability, we can see that
these three pillars have issues/aspects that are overlapping. For example, job security relates to
both social and economic aspects; wastewater treatment relates to both environmental and
economic issues. The Clean Water Act of 1972 and the Safe Drinking Water Act of 1974 are two
great examples of overlapping environmental sustainability and social sustainability. These laws
bring positive impact to the well-being of the people living in the U.S., and they also protect our
water resources from further damage. Also, because of the passing and enforcing of these laws,
other environmental related laws started to be established in the 70s.
As we know, sustainability analysis involves multiple dimensions and aspects, and these
aspects may or may not be quantifiable; and when these elements are measurable, they come in
various units. For any non-quantifiable information, project managers may set up their own
rating system as long as the rating systems are well defined and clear to all participants.
Economic sustainability is about better use of resources and assets to promote business
stability and competitiveness such that companies can continue profitability.
“Economic sustainability focuses on securing both the short and long-range profitability
and economic viability of a company.” (ElMaraghy, 2011) A stable economy is the most basic
foundation for business to operate and make innovations. Revenue, profit, income, sales, assets,
debts, and expenses, etc., are common finance metrics for companies to evaluate their financial
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performance. Dollars, number of workers, and working hours are the standard units companies
use to account for their internal projects. For economic analyses that involve a larger entity like a
county, state or country, such data are usually coming from government agencies and non-profit
organizations, and they already come with their standard units.
Environmental sustainability aspects describe the impacts of a target against our
resources. These aspects may come in various formats: quantifiable, semi-quantifiable, and nonquantifiable units. As we have mentioned repeatedly, MSDS / SDS are the most valuable places
to identify any chemical's properties. Information provided by government agencies like CDC,
NIST, EPA, etc., are significant contributors of the latest relevant regulation information.
The following is a list of other techniques for identifying and evaluating environmental
impacts:
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Table 4.24

Examples of techniques for identifying and evaluating environmental impacts
Techniques

Description

TRACI (Tool for Reduction and Assessment

Environmental impact assessment tool

of Chemicals and Other Environmental

developed by U.S. EPA. It uses

Impacts) (Bare et al., 2003) (Bare J.C., 2011)

characterization factors to quantify potential

(Bare, Jane 2012)

impacts on specific impact categories. This is a
problem-oriented method.

ReCiPe 2008 (Goedkoop et al., 2013)
ReCiPe 2016 (Huijbregts et al., 2016)

Life Cycle Impact Assessment (LCIA) of
LCA. Uses characterization factors to translate
emissions and resources to environmental
impact.

CML (CML 96, CML 2001, CML 2007,
CML 2 baseline 2000)

Created by Centre for Environmental Studies
(CML) of the University of Leiden, The
Netherlands

Process Hazard Analysis (PHA) / Process

A systematic approach to identify, evaluate,

Hazard Evaluation

and control the hazards of highly hazardous

[EPA 40 CFR Part 68.67, May 2000]
Environmental Cost Accounting
(Howes, Rupert, 2008)

chemicals in processes.
Assess all environmental costs associated with
the products/activities

Environmental Accounting (THE SIGMA

Focus on internal environmental expenditure

Project, 2003)

accounting and external cost accounting

U.S. EPA's primary mission is to protect human health and the environment -- air, water,
and land [https://www3.epa.gov/region9/enforcement/intro.html]. U.S. EPA has been respected
as the leader in environmental issues. In addition to enforcing laws and regulations, U.S. EPA
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also invests in, and develops, scientifically sound methods to define and measure environmental
quality. TRACI was a research effort and now a software product started by U.S. EPA. Before
TRACI, European environmental assessment methodologies dominated this area. After
conducting a literature survey on existing LCA methods, U. S. EPA's National Risk Management
Research Laboratory concluded that none of the current tools are sophisticated, comprehensive
nor applicable to the U.S EPA standard. TRACI was developed in an attempt to be sophisticated,
comprehensive, and applicable to the U.S for impact assessment.
The primary publicly available U.S environmental related inventory data sources include,
but are not limited to:
1. U.S. EPA's
•

Greenhouse gas emissions

•

Toxic release inventory (TRI)

•

National emissions inventory (NEI) for Criteria Pollutants

•

Hazardous air pollutants

2. U.S. Department of Energy (DOE):
•

National Renewable Energy Laboratory (NREL) LCI database

•

Energy Consumption Estimates for fossil fuel depletion

The midpoint impact categories used by TRACI (Bare, J.C. 2012) are:
•

Ozone depletion,

•

Global warming,

•

Smog formation,

•

Acidification,
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•

Eutrophication,

•

Human health cancer,

•

Human health non-cancer,

•

Human health criteria pollutants,

•

Ecotoxicity, fossil fuel depletion,

•

Land use (removed for now, pending ongoing research)

•

Water use (removed for now, pending ongoing research)

Two equations: site-specific and non-site-specific, to calculate the potential impact of all
chemicals for a specific impact category are:
Ii = ∑s ∑x ∑m Fixms Pixms Mxms

site-specific

Ii = ∑xm C Fixm Mxm

non-site-specific

Where
Ii = the potential impact of all chemicals (x) for a specific impact category of concern (i)
Fixms = the fate of chemicals (x) emitted to media (m) at site (s) for impact category (i)
Pixms = the potency of chemicals (x) emitted to media (m) at site (s) for impact category
(i)
Mxms = the mass of chemicals (x) emitted to media (m) at site (s)
CFixm = the characterization factor of chemicals (x) emitted to media (m) for impact
category (i)
Mxm = the mass of chemicals (x) emitted to media (m)
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ReCiPe method has two sets of impact categories: Midpoint (half-way along
environmental mechanism) and Endpoint (end of environmental mechanism).
The eighteen midpoint indicators focus on specific environmental problems. While these
indicators carry low uncertainty, they are difficult to interpret. The three endpoint indicators are
easy to understand but they carry high uncertainty.
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The following two tables are modified from ReCiPe 2008 report:

Midpoint Impact Category

Photochemical ozone concentration
PM10 intake
Hazard weighted concentration
Hazard weighted concentration
Hazard weighted concentration
Absorbed dose
Occupation
Occupation
Transformation
Amount of water
Grade decrease
Upper heating value

Infra-red radiative forcing
Stratospheric ozone concentration
Base saturation
Phosphorus concentration
Nitrogen concentration
Hazard weighted dose

Impact Indicator

kg
kg
m2 * yr
m2 * yr
m2 * yr
man * Sv
m2 * yr
m2 * yr
m3
m3
kg-1
MJ

Impact
Indicator
Unit
W * yr/m2
ppt * yr
yr * m2
yr * kg/m3
yr * kg/m3
-

Eighteen midpoint indicators of ReCiPe method

Climate change
Ozone depletion
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Human toxicity
Photochemical oxidation
formation
Particulate matter formation
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Ionizing radiation
Agricultural land occupation
Urban land occupation
Natural land transformation
Water depletion
Mineral resource depletion
Fossil resource depletion

Table 4.25

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
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Characterization Factor

Global warming potential
Ozone depletion potential
Terrestrial acidification potential
Freshwater eutrophication potential
Marine eutrophication potential
Human toxicity potential
Photochemical oxidation formation
potential
Particulate matter formation potential
Terrestrial ecotoxicity potential
Freshwater ecotoxicity potential
Marine ecotoxicity potential
Ionizing radiation potential
Agricultural land occupation potential
Urban land occupation potential
Natural land transformation potential
Water depletion potential
Mineral depletion potential
Fossil depletion potential

Table 4.26

The three endpoint indicators of ReCiPe method

Endpoint Impact Category
(damage to)
1 Human health
2 Ecosystem diversity
3 Resource availability

Impact Indicator
Disability-adjusted loss of life years
Loss of species during a year
Increased cost

Impact
Indicator Unit
yr
yr
$

Among all these methods and indicators, the following is the mathematical relationship to
calculate the potential of particular impact:
Category Indicator = Characterization Factor X Inventory Data (intensity)
Environmental life cycle assessment is an ongoing research topic. Assessment methods
are continually updated and added. The methods mentioned above are only a small list of
examples. It is impossible to specify all the available environmental assessment methods. The
creators and researchers of each assessment method have put significant efforts into them to
make these methods applicable for users. These methods have similarities because these methods
are intended to help decision-makers to make the most suitable environmental-related decisions.
These methods have differences because these methods are created or modified at different times
and locations. All these environmental life cycle assessment methods follow these general steps:
1. Select and define impact categories, indicators, and models
2. Classification
3. Normalization
4. Aggregation and or weighting

Other environmental methods which are not mentioned above are discussed in many
published papers and books (Hischier et al.,2010) (Curran, 2012) (Jolliet, Saadé-Sbeih, Shaked,
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Jolliet, & Crettaz, 2016). Each environmental assessment method carries a list of similar but not
exact impact categories. When we use impact categories for assessment, we may select only
those that fit our goal of analysis (Buonocore, et al, 2009).
Social sustainability is about people, society and the interactions between them. Littig
and Grieβler offer this definition of social sustainability: “Social sustainability is a life-enhancing
condition within communities and a process within communities that can achieve that condition."
(Littig & Griessler, 2005). Littig and Grieβler further assert that socially sustainable practices
“satisfy an extended set of human needs and are shaped in a way that nature and its reproductive
capabilities are preserved over a long period of time and the normative claims of social justice,
human dignity and participation are fulfilled.” (Littig & Griessler, 2005).
Normally economic and environmental sustainability conditions do not change with time
frequently: company revenue increase is good, maintaining clean water sources is always good;
however, can a social situation always be an important issue? Among the three pillars, social
issues are the most affected by time, cultures/locations and political changes. For example,
poverty and education are important social issues for under-developed countries but they may no
longer be important social issues for well-developed countries.
The most fundamental needs of people and society are food, shelter, and sanitation. The
needs must be met before focus can be placed on higher level needs. Thus, when considering
underdeveloped societies consideration of fundamental societal needs is vital. However, for
developed cultures, these needs have typically been met and their focus shifts toward “higherlevel” goals such as education, job security, and urban housing. For fully-developed countries,
social sustainability focus may shift towards protection of nature and wildlife and retirement
conditions. Perhaps the groundbreaking research in this area is that of Dr. Abraham Maslow. The
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researcher who wishes to understand the moving target of social sustainability is advised to read
the works of Maslow.
If we look at social sustainability from a time dimension, the topics of social
sustainability have changed from traditional concepts like basic needs, equal human rights, and
poverty to emerging themes like identity, social capital, well being, happiness, and quality of life
(Mak & Peacock, 2011; Colantonio, 2009). There are many hurdles in social sustainability
research. One of the most agreeable problems is that the definition and meaning of social
sustainability are not clear; literature review indicated that the concept of social sustainability is
“in chaos” (Vallance, Perkins & Dixon, 2011) (Bostrom, Magnus, 2012)
When we use frameworks, conditions, and indicators to measure an entity, we need a
reference like the "control condition" in science experiments. For example, a company can use
last year's revenue, profit and expenses as references to calculate the growth of the company.
Companies can use volume/weight of wastewater generated as one of the environmental
conditions to measure their efforts in sustaining water usage. However, regarding social
sustainability, it may be less clear for a company on what to measure, how to measure and what
the references are.
Not all aspects contain quantifiable information, and even if there are quantifiable data,
different aspects under these three pillars are using different quantifying units. Thus, we may
want to remove the constraint of using one unified quantify unit to quantify these aspects for
comparison. Here are some examples of quantity units for these three domains:
1) Economic aspects:
•

Profit of year in dollars,

•

Manufacturing yield rates,
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•

Number of operating hours,

•

Number of workers working hours.

2) Environmental aspects:
•

Quantity of hazardous wastes generated,

•

Quantity of wastes ending at incineration and landfill,

•

Severity rating of damages to both environment and lives, e.g. 1 = no harm to 5 =
most damages to either or both environment and lives.

3) Social aspects
•

Employment status: number of workers or total working hours,

•

Number of safety violations,

•

Quantity of resource/materials recovered, reused, recycled, e.g., gray water inside
the facility is recycled for cooling purposes.

Here is a sample table modified from Stapleton et al., 1996's Table: Scoring guide for
environmental aspects evaluation (Stapleton, Philip J., Cooney, Anita M., Hix, William M. Jr.,
1996) In this table, each product, service or activity will have lists of categories; each category
has a list of indicators, then each indicator will be assigned with two scores:
Degree of Impact:
4 = Serious
3 = Moderate
2 = Minor
1 = No impact
Frequency of Impact:
4 = Continuous
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3 = Frequent (impact occurs >1 per month)
2 = Infrequent (impact occurs >1 per year but < 1 per month)
1 = Improbable or Never
Table 4.27

Modified table from Stapleton et al. 1996's Table: Scoring guide for environmental
aspects evaluation

Category

Indicator

Human Health

Employees

Degree of Impact

Frequency of Impact

Surrounding Community
Global
Environment

Air Quality
Surface Water
Ground Water
Land / Soil
Ecosystem Effects
Noise

Resource Use

Fuels
Water
Raw Materials

The following is a flowchart of steps in selecting a sustainability measurements method.
There is an example embedded in the flowchart: selecting a more sustainable local abatement
solution for an exhaust gas stream. The examples help users visualize the basic tasks needed for
consideration in the selection of sustainability measurement methods.
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Figure 4.12

Flowchart to determine appropriate evaluation methods
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The following is a general list of suggestions on rules for choosing quantifying methods:
1) There is no rule because there is no one quantifying method that can fit all situations
2) All project participants need to agree on the selected method before doing analyses
3) Because different methods may generate different results, users may use more than
one method
4) Users may do analysis as frequently as needed/wanted
5) Users may develop new method as needed
6) Users may modify available methods as needed
7) Quantifying methods should not interfere with normal operations
8) There is no need to convert the information/ data collected from each sustainability
component: Economic, Environmental, and Social, into any unified unit or ratios
9) Analysis results from quantifying methods done today do not mean they are the
solutions for tomorrow
The above suggestions are only recommendations; they are neither rules nor guidelines
for users.
4.5.2

Module 4 – Element 2: Evaluation Costs of Alternative Solutions for Opportunity
As we have mentioned before, opportunities may come from violations of regulations,

change in regulations, concerns about safety, changes in technologies, curiosity about potential
improvements, or simply gut feeling because of experiences. When we pick an opportunity for
sustainability improvement, we are normally pondering what will happen if we make changes to
an entity; will these changes help, hurt, or have no impact on the entity and its surrounding with
respect to its current sustainability level. For an opportunity, each change and no change are
considered as the solutions. Sometimes we may not know how well or unwell our system state is
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until there is something to compare against. During Module 2: Identifying opportunities, we may
already have the preliminary ideas of the solutions of each opportunity, for example, a particular
reactor is generating lot of wastes and its local abatement system is requiring more maintenance;
therefore, the goal of this opportunity is reducing quantity as well as harmfulness of these
wastes, sustainably. The potential solutions for this opportunity at Module 2 may include two
different approaches: (a) change the local abatement system for this reactor, or (b) reduce raw
materials feeding the reactor. As we progress, the images of these solutions become clearer and
more specific. For the same opportunity, approach (a) leads us to ponder whether the efficiency
of the current abatement system is not good enough; perhaps the facility needs to increase the
maintenance frequency or replace the abatement system or even change the type of abatement
type. Thus, two solutions grow from this approach: (1) replace the abatement system with a new
system, and (2) change the abatement type from the current wet type to dry adsorbents type,
while approach (b) would focus on the clean gas C2F6, and this approach would evolve to
become an opportunity itself: change raw chemicals entering reactor, and the solutions for this
new opportunity are (1) no change – C2F6, and (2) change clean gas from C2F6 to NF3. Since
we have chosen two opportunities (Opportunity 1 - change raw chemicals entering reactor and
Opportunity 2 – want to reduce costs to dispose of containers of used adsorbents), our focus is
towards their solutions.
4.5.2.1

Component 1. Evaluate all costs associated with the proposed alternatives
Before project managers have the chance to select/compile the lists of costs for

comparing the alternative solutions, they can use a rating table to do a preliminary comparison of
these solutions against sustainability issues:
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Table 4.28

Preliminary comparison of these solutions against sustainability issues

Opportunity

Alternative
Solutions

Sustainability issues
Economic

Environmental

Priority
Social

(with respect to
sustainability
costs)

Change raw
chemicals
entering the
reactor

NF3

Low /
Medium
/High

Low / Medium / Low /
Medium
High
/ High

Low / Medium
/High

CF6

Low /
Medium
/High

Low / Medium
/High

Low /
Medium
/ High

Want to reduce
costs to
dispose
containers of
used
adsorbents

One-time use
canister

Low /
Medium /
High

Low / Medium
/High

Low /
Medium
/ High

Low / Medium
/High

Re-use
canister

Low /
Medium /
High

Low / Medium / Low /
Medium
High
/ High

Low / Medium
/High

The result in the last column “Priority (with respect to sustainability)” is different from
the opportunities priority completed in Module 3; these “priorities” are the summarized or
averaged rating of the alternative solutions with respect to the sustainability issues.
ISO is an international standard-setting body. A major goal of ISO includes promoting
industrial and commercial standards to facilitate the international exchange of goods and
services. ISO standards provide consistent and transparent standards as well as language for
business in different countries to follow and communicate. ISO documents present guidelines,
specifications, and requirements to ensure consistency of products/services quality. ISO
standards are widely used by multi-countries facilities and facilities that sell to foreign countries
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since it has officially begun operations in 1947. There are more than 21,000 standards included
in the ISO Standards as of 2017
ISO standards are organized with most of each standard representing specific
item/field/industry as titles; they include ISO 9001 Quality Management, ISO 14000 family
regards Environmental Management, and ISO 20121 Sustainable events, etc. Then under each
title are sub-groups or parts which specify or define requirements to achieve such ISO standard
acceptance. The ISO 14000 (Environmental management) family is made up of around 30
standards, guidelines, and technical reports. In some of the ISO standards, there are lists of
requirements on data quality, data measurement, data improvement and or how to treat these data
for specific ISO standards. ISO 14040 and ISO 14044 are the two standards that surround LCA.
Techniques used for compliance with the OSHA Process Safety Management Standard,
ISO ‘s Environmental Impact assessments and LCA are existing techniques for evaluating
environmental impacts (Stapleton, Cooney & Hix,1996) (Stapleton, Glover, & Davis, 2001).
In 2006 there was a revised and new publications of ISO 14040 and ISO 14044. The
revised ISO 14040/44: 2006 contains requirements and provides guidelines for LCA including:
•

Goal and scope definition of LCA

•

Life cycle inventory analysis (LCI) phase

•

Life cycle impact assessment (LCIA) phase

•

Life cycle interpretation phase

•

Reporting and critical review of the LCA

•

Limitations of the LCA

•

Relationships among the LCA phases

•

Conditions for use of value choices and optional elements
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It is an enormous project to use LCA even for a big company. We usually do not have the
time, resources and manpower to generate a completed LCA for an opportunity that may or may
not elevate our current sustainability status. Also, since ISO 14040 family is for environmental
management, we will have to supplement the economic and social aspects into the assessments;
thus, the applications of ISO standards in our SIWM framework are limited. In most situations,
companies are using LCA to find the environmental impacts of an entity; for our research, we are
looking for opportunities which can elevate the current sustainability status of a company with
one opportunity at a time. SIWM framework tasks include comparing opportunities and their
solutions.
Our SIWM framework aims at assisting facilities to make discussions systematically to
achieve the most balanced and sustainable solutions within a reasonable time. When we started
our research on sustainability, ISO 14040 standards were one of the most prominent standards in
the world for LCA. As years have passed, many other metrics/standards/guidelines have
appeared; some of them have been mentioned in the above sections. Our SIWM framework
would only follow the core phases of ISO 14040/44.
For any organizations that adopt a recording system, collecting all costs for opportunities
and their alternatives may not be difficult tasks. But for small organizations, this may not be true.
Also, in some situations, the costs for opportunities and their alternatives would not be available
until such alternatives have been implemented. For situations where project managers do not
know what indicators are needed to collect and or where to start data collections, they can start
with developed metrics. For example, IChemE’s “The Sustainability Metrics” document
mentioned above provides pages of tables for users to report their data under the three groups of
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indicators: economic, environmental, and social. These kinds of developed metrics are very
helpful for project managers who have not done data collections for sustainability-related
projects. However, the tasks to accomplish such data collection could be overwhelming and
perhaps most of this information is useless for decision makers.
Unlike most sustainability-related projects, when we use our SIWM framework for
sustainability projects, we aim at opportunities and their solutions. Sometimes when companies
work on sustainability projects, they are trying to find out whether the companies or their chosen
entities are performing sustainably. They gather the input and output data, measure/rate them
against some sustainability standards then report these results as their sustainability performance.
Some companies may use these results to seek areas for improvements. And some companies
may stop after the generation of the sustainabiliy reports. Our SIWM framework is not about
reporting the sustianability performance of an entity. Our projects are focusing on opportunities,
their alternative solutions and the comparison of these solutions. As mentioned before, as we
move forward from one module to another, the foci of the opportunities and their solutions
would become clearer; we may progress from guessing what types of data we would need at
first, and as we move forward, we may know what types of data are necessary for our
opportunities and their alternative solutions. For example, we are trying to compare two cleaning
gases used in a reactor to determine which one is more sustainable: Nitrogen Trifluoride (NF3)
versus Hexafluoroethane (C2F6). Without diving into an actual analysis, we are just showing
some types of information/data we would want to collect and record; this table does not include
economic nor social costs yet:
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Table 4.29

Example of information needed for project

Location / Reactor name:
Recording Date / Time:
Data source:
NF3

C2F6

Reason to use

Source of F2

Source of HF

Usage

1.5 liter per minute out of

1.5 liter per minute out of

10 minutes per hour

10 minutes per hour

12,300

8,630

Potential amount of residue left

(Assuming 90%-99% NF3

(Assuming 30%-40% C2F6

in reactor exhaust

utilization rate) **

utilization rate) **

Major byproducts

F2

C2F6, CF4 and HF

Estimated local abatement

80% for F2

20% for C2F6, 5% for CF4,

Global Warming Potential
(GWP) in 20 years*

system (Thermal-wet) removal

90% for HF

efficiency against by-products
*https://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-10-2.html
**Fthenakis, Vasilis, 2001
The information in the above table is not sufficient to help project managers to make
decisions with respect to the environmental aspects of these two solutions (for opportunity 1);
however, compiling such comparison tables make project managers determine what elements are
the foci for solutions to compare against.
As we move forward in the SIWM framework, not only the shapes and forms of these
opportunities and their solutions would become clearer, the list of costs and indicators we need
for analysis would also become clear. We can either use lists of well- developed
metrics/indicators or cross out unnecessary costs/ indicators from these lists, or we can compile
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lists of costs/indicators with respect to the opportunities and their solutions. As we have
described before, we could send out questionnaires to seek feedback and comments from
stakeholders and employees for costs of alternative solutions for opportunity suggestions.
Facilities may not have internationally renowned experts in specific fields, but facilities may
have experienced employees and stakeholders who have intimate and practical knowledge of the
operations. Also, we could apply well-developed metrics/methods and indicators mentioned
above to evaluate costs of all alternatives in addition to using ISO guidelines. Certainly, there are
pros and cons for both approaches:
Table 4.30

Pros and cons of well-developed metrics and project specific costs

Use well-developed metrics/indicators

Compile a list of costs/indicators per
opportunities and solutions

Pros

List of costs/indicators is already

Lists of costs/indicators are shorter than

available

those in well-developed metrics. When we
compare solutions of same opportunities,
we only care the differences between the
solutions of the same costs/indicators; thus,
we may not need the actual values.

Cons

Not all costs/indicators are useful. Even We may miss important information when
if we choose to cross out unnecessary
costs/indicators, it may take time to
decide which cost/indicator is useless.
In some cases, even well-developed
metrics/indicator lists may not include
costs/indicators we need for analysis.
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we compile the lists of costs/indicators.
Different opportunities/solutions require
different lists of cost/indicators; it may
cause confusions and or arguments.

In ISO standards, one common factor is the application of Shewhart's Plan-Do-CheckAct (PDCA) cycle for continual improvement. The application of the PDCA cycle is not limited
to scientific tasks. As we are moving from one module to another, we are also following the
PDCA cycle. Only well-prepared plans and experiences can help us to identify all costs we need
for analysis and locate sources of them. Different opportunities focus on different significant
information. When comparing different opportunities and when comparing alternatives for the
same opportunity, these opportunities and their alternatives may not necessarily possess the same
group of indicators. For example, when we compare a water (absorbent) scrubber against a dry
(adsorbent) scrubber, major environmental impacts for a water scrubber include wastewater
generation, while that for a dry scrubber is solid waste generation; in such situations, one of the
many tasks we have to do is to compare different indicators under the same groups.
The following two tables are very simple forms showing what basic information we
would need for comparison of alternative solutions against sustainability issues. The information
is not sufficient for project managers to choose between the solutions; however, they show the
information needed for comparison is not vast but very focused on the targets, and this
information may not be found in lists of well-developed metrics/indicators. Project managers can
fill in the forms with the actual values and functional units if they have these data; if such data
are not ready, the project manager can fill the form with descriptions. Even without actual data,
the results from this table can help project managers to understand the alternative solutions:
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chemical, nitrogen, air
<90%

X gal/min/reactor
Wastewater needs

and adsorbents)

>99%

None

None
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Can operate with
recycling water; target
gases are limited to
highly water dissolvable
gases.

steel container may or may not be recyclable

due to process gases nature. Target gases are

vast; the size of canisters is flexible and

adaptable.

None

Impact

Quantity

Solid waste

Used adsorbents are not recyclable; carbon

dispose

Needs certified industrial waste handler to

None

Impact

Quantity

Efficiency

Costs

Operation

Wastewater

solid waste

Y pounds of steel and Z cubic feet of industrial

electric, water,

electric, nitrogen, air, replacement (canister
Economic

neutralization

Water scrubber

Adsorbent scrubber

Table 4.31
Example of information needed for comparison of alternative solutions against
sustainability issues

Opportunity: Reactor is generating more wastes and local abatement system needs more

maintenance

Solutions: (2) Change abatement type: Wet Scrubber vs. Adsorbents Scrubber
Environmental
Social

Benefits /

Disadvantages

The following table compares a one-time use canister and a re-usable canister against
sustainability issues. Again, assuming project managers have not been able to collect the costs in
numeric values and units, they can use words to remind participants of the sustainability impacts
of these two solutions. Project managers may replace or just add the numeric data to the table if
this opportunity is chosen and they are able to gather such numeric values. In this table, only the
differences between the two types of canisters are shown (except the “Operation Costs”);
therefore, since the quantity and quality of adsorbents are equal, their information are not shown
here:
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No need to use nor treat water to wash the
canister; less amount of human contact
between contaminated canisters and
workers. Each one-time use canister is solid
waste after used.

Workers need to move
contaminated canisters during
triple washes

None

Water used to wash contaminated
canister needs to be treated

Any un-usable quantity of canisters needed
to be landfilled or incinerated

None

Need water to wash contaminated
canisters three times

After used numbered of times reusable canisters would be
landfilled or incinerated

Can order anytime when need

Need to wait for cleaned
contaminated canisters back to
operation
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Environmental

Disadvantages

Benefits /

Impact

Quantity

Impact

Quantity

Efficiency

Operation Costs

Wastewater

Each carbon steel canister after one use is
disposed of if none of its steel content can
be recycled

No different

No different
Economic

Each carbon steel canister can be
used for a number of times before
disposal or recycling its steel
contain

One-time use canister

Re-useable canister

Table 4.32
Compares a one-time use canister and a re-usable canister against sustainability
issues

Opportunity: Want to reduce costs to dispose of containers of used adsorbents

Solutions: One-time use canister vs. Re-use canister (for adsorbents)
Social

Solid waste

Working on the SIWM framework is a learning curve. No matter how project managers
select/compile their lists of costs for analysis: using developed metrics or compiling a list based
on opportunities needed, project managers may need to come back to revise these lists of costs.
Some project managers may break each sustainability issue into very specific items; for example,
under the operation costs, there may be unit cost, electric cost, nitrogen gas cost, CDA cost, etc.
Project managers have to decide where to draw the line of detail; is it worth to spend time on
collecting detailed data? Will grouping some data lose the quality of analysis results?
4.5.3

Module 4 – Element 3: Compare Alternative Costs with Respect to Budget and
Priorities
Sometimes opportunities and their alternative solutions are abandoned only because of

unavailable budgets. As mentioned before, as we move forward on our SIWM framework we
gain clearer ideas of the opportunities and their solutions. For examples, we learn more about the
types of costs/indicators needed for analysis, while at the same time we are also gaining a
general idea of monetary and time budgets for these opportunities and solutions.
Working on sustainability projects is no different than working on any other projects.
Companies may use their traditional methods to handle the budget issues. There are three major
types of budgets: monetary, labor and time. Some companies may group monetary budget and
labor budget into one resource budget because their labor costs are in monetary units or the
companies intend to pay overtime and hire extra help for sustainability projects. But for smaller
companies which have tighter labor resources and do not intend to hire extra help, they may want
to separate the two budgets.
The four common budgeting tools are:
•

Capital budgeting
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•

Net present value / Discounted cash flow

•

Internal rate of return

•

Payback period

As mentioned above, before the opportunities and their solutions are selected, many of
their costs may not be available. If this is the case, project managers can again use a rating table
to rate these opportunities and their solutions against budgets. Consider three opportunities and
their alternative solutions as examples in the following table:
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Table 4.33

Comparing opportunities and their solutions against budgets

Opportunity

Alternative
Solutions

Priority

Monetary

Labor

Time

(with
respect to
budgets)

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

(1) One-time use
canister

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

(2) Re-use canister

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Reduce wastes
(1) Replace local
from reactor and
abatement
maintenance needs
system
for local abatement
(2) Change
system
abatement type:
wet scrubber vs.
adsorbents
scrubber
(3) Change raw
chemicals
entering the
reactor
Change raw
(1) NF3
chemicals entering
the reactor
(2) CF6

Want to reduce
costs to dispose
containers of used
adsorbents

Costs / Budget

The results in the last column “Priority (with respect to budgets)” are different from those
in Module 3 and “Priority (with respect to sustainability costs)”. These are the summarized or
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averaged ratings of each solution against the different budgets. The results from these three
priority ratings are independent ratings of opportunities and alternative solutions with respect to
different issues; therefore, they may not be the same.
The following is a diagram describing the tasks accomplished above:

Figure 4.13

1.0.1.1

Tasks accomplished in Module 4

Component 1 – Assign order to the estimated costs of alternative solutions and
exclude those that are over the budget
If a company has fixed budgets, and project managers have high confidence in their

estimation of budgets, the task here is simply answering whether these solutions’ budgets are
acceptable or not: “Yes or No”. But if project managers do not have high confidence in their
budget estimations, they may want to add a “Maybe” answer.
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Table 4.34

Compare opportunities and their solutions against costs and assign order of priority

Opportunity

Reduce wastes
from reactor and
maintenance needs
for local abatement
system

Change raw
chemicals entering
the reactor

Want to reduce
costs to dispose
containers of used
adsorbents

Alternative
Solutions

Costs / Budget Acceptable

Order of
priority

Monetary

Labor

Time

(1) Replace local
abatement
system

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

(2) Change
abatement type:
wet scrubber vs.
adsorbents
scrubber
(3) Change raw
chemicals
entering the
reactor
NF3

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Low /
Medium /
High

Yes / No /
Maybe

Yes / No /
Maybe

Yes / No /
Maybe

Low /
Medium /
High

CF6

Yes / No /
Maybe

Yes / No /
Maybe

Yes / No /
Maybe

Low /
Medium /
High

One-time use
canister

Yes / No /
Maybe

Yes / No /
Maybe

Yes / No /
Maybe

Low /
Medium /
High

Re-use canister

Yes / No /
Maybe

Yes / No /
Maybe

Yes / No /
Maybe

Low /
Medium /
High

The task in this section is quite simple: just cross out those solutions which are over the
company budgets for now. We will put these crossed-out solutions in the loop because company
budgets may change, and these solutions may be selected in the future. For those solutions which
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are still under consideration, we will assign an order to them or simply keep their “Low /
Medium / High” rating against budgets for comparison.
Eventually, the information collected from the above tables will be summarized into a
table for comparison. It would be nice if the costs needed to fill the above tables are available for
comparison. But if the actual data are not available yet, we can again use a rating system to rate
these solutions:
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Table 4.35

Rating opportunities and their solutions against sustainability issues and budgets

Reduce wastes
from reactor
and
maintenance
needs for local
abatement
system

Opportunity
Priority

Alternative
solutions

Sustainability
Issues

Low /
Medium /
High

Replace
local
abatement
system
Change
abatement
type: wet
scrubber vs.
adsorbents
scrubber
Change raw
chemicals
entering the
reactor
NF3

C2F6

Change raw
chemicals
entering
reactor

Low /
Medium /
High

Want to
reduce costs
to dispose
containers
of used
adsorbents

Low /
Medium /
High

Low / Medium
/ High

Time
Budgets
acceptable
Yes / No /
Maybe

Resource
Budgets
acceptable
Yes / No /
Maybe

Low / Medium
/ High

Yes / No /
Maybe

Yes / No /
Maybe

Low / Medium
/ High

Yes / No /
Maybe

Yes / No /
Maybe

Low / Medium
/ High

Yes / No /
Maybe

Yes / No /
Maybe

Low / Medium
/ High

Yes / No /
Maybe

Yes / No /
Maybe

One-time use Low / Medium
canister
/ High

Yes / No /
Maybe

Yes / No /
Maybe

Re-use
canister

Yes / No /
Maybe

Yes / No /
May

Low / Medium
/ High

Eventually, after we finish investigating and collecting information, we would want to
gather this information for comparison. The following is a very simple form we may want to
create before we move on to Module 5.
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Table 4.36

Individual opportunity and its solutions with their information

Project Name:
Date:
Alternatives:

Economic

Environmental

Issues

Issues

Social Issues

Time

Resources

Budget

Budget

1
2
3

Obviously, it would be nice if we can just put in a number under each issue for each
alternative for comparison. But collecting data takes time. Since our SIWM framework intends
to compare opportunities and their solutions, the rating system can make the comparison process
faster. In reality, it is hard for us to consolidate each issue into a single number or a single factor,
and we may not want to do so either. In fact, there should be more than one factor under each
issue for us to consider. Since our SIWM framework is being applied to opportunities with
alternative solutions, it is not necessary for us to get the “absolute state” data. We can attempt to
get the “gauge” data between alternative solutions; that means, we only want to seek the
differences among the alternatives with respect to each factor.
Following the same example above, consider change raw chemicals entering reactor (this
opportunity was considered as the third solution from another opportunity) and its solutions:
“NF3 versus C2F6” (because NF3 shows higher utilization rate than PFCs do). Now we are at
the stage of comparing these two solutions.
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Information for environmental and social issues can be gathered from government
databases, e.g. CDC, NIOSH, OSHA, etc. The economic issues information will require EH&S
and facility engineers to provide information.
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Table 4.37

Example of the solutions of an opportunity against five factors

Resources
Budget

Time
Budget
1276 ppm

0.5 ppm

185 ppm

1 ppm

Major waste’s
LC50
Major waste’s
TLV

Social
Issues:
Major waste’s
NIOSH REL/
OSHA PEL
0.1 ppm

HF (gas): Health =
4; Flammability =
0; Physical hazards
=3
3 ppm
F2 (gas): Health = 3; Flammability =
0; Physical hazards = 3

Significant
Wastes and
their HMIS

HF, C2F6, CF4
F2

Major wastes

Environme
ntal Issues:
12,300

b. C2F6 local
abatement is
expensive
8,630

b. Possible to switch to lower cost
local abatement system for NF3

a. No need to
change process
nor local
abatement
system.
a. Minor changes to process; same
local abatement system will be
more effective in abating NFs and
its by-products.

2. Use NF3 to replace C2F6

1. No change: C2F6

GWP

Economic
Issues:

Alternatives:

Project: Reduce hazardous material generated from the reactor cleaning process of Reactor X;
the alternative is replacing the clean gas.
Report Date:

HMIS = Hazardous Material Information System; ratings are based on 1 0-4 rating scale with) =
minimal hazards or risks and 4 = significant hazards or risks.
NIOSH RELs= The National Institute for Occupational Safety and Health Recommend exposure
limits
OSHA PEL = Occupational Safety and Health Administration Permissible Exposure Limit
LC50 = Lethal concentration at which 50 percent of the test animals will be expected to die
within an hour when inhaled at the tested environment.
TLV = Threshold Limit Value, health-based values established by ACGIH (American
Conference of Governmental Industrial Hygienists), representing the level the typical worker
may be repeatedly exposed without adverse health effects
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4.5.4

Module 4 – Element 4: Select Projects for Implementation
After the analysis and evaluation of the solutions of the two chosen opportunities, we

come to the following results (the actual analysis of the solutions of the chosen opportunities will
be performed in Chapter V):
Table 4.38

Analysis results of two opportunities (analyses are performed in next chapter)

Opportunity

Solutions

Current situation

Better sustainable
solution

Change raw chemicals
entering the reactor

NF3 vs.C2F6

C2F6 is the
current raw gas

NF3

Want to reduce costs
to dispose of
containers of used
adsorbents

One-time use canister
vs. Re-use canister

One-time use
canister

One-time use canister
(no change)

The results in the above table indicate that NF3 is a better sustainable solution (as clean
gas in reactor) than C2F6 for the current process, while the current usage of a one-time use
canister is a better sustainable solution than re-usable canister as containers of contaminated
adsorbents for the current situations; that means the results indicate that changing C2F6 to NF3
should elevate the sustainability practice, but there is no need to change the current practice of
using a one-time canister to a re-usable canister.
1.0.1.1

Component 1 – Select projects for implementation based on decision-making
guidelines
The following list of questions has been used in the previous sections in different formats

in the selection of solutions for implementation:
1) Is the project urgent?
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2) Does the project meet company mission/ philosophy?
3) Is the Project / Opportunities within budget?
4) Is the Project / Opportunities within timeline?
5) What are the Project / Opportunities potential benefits?
Project managers may want to ask the above questions again now after the analysis of the
solutions is completed. In addition to these questions, project managers now need to ask the
following questions:
6) How confident are the project managers on the analysis results of the solutions?
7) Will implementation of project/opportunities disrupt normal operation? If so, how
seriously?
8) Have there been any changes surrounding the target entity?

The company is a dynamic entity; it and its surroundings change constantly. Project
managers may want to review the above questions on the chosen opportunities and their
solutions to confirm whether the situations still apply. Then project managers need to decide
whether the results from the above analysis are sufficient factors to propel the implementation of
changes or termination of the opportunity. That is, project managers need to review the analysis
results and actual situations to decide that changing clean gas from C2F6 to NF3 will improve
the current sustainability status, while the project of considering using re-usable canister is
completed and no further investigation is needed for this project for now.
The analysis of the two chosen opportunities and their solutions will be shown in two
case studies in chapter V.
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4.6

Module 5: Implementation of Solutions
There are many forms and tables shown in Module 3 and Module 4. These forms and

tables are intended to break large projects into specific and manageable tasks that can help
project managers to gather information step by step toward selecting opportunities and their
solutions. The formats and styles, as well as the rating system, of these tables and forms are not
important. Major tasks of Module 3 are to select opportunities; major tasks of Module 4 are to
compare opportunities’ alternative solutions and select those for implementation in Module 5. As
mentioned above, when we pick an opportunity for sustainability improvement, we will ponder
what will happen if we make changes to an entity; will these changes help, hurt or have no
impact on the entity and its surroundings with respect to entity’s sustainability level. At the end
of Module 4, the solutions are chosen for implementation in Module 5. These solutions are
chosen because of the supporting data and information. However, after the cost analysis, the
alternative solution may be shown to be less sustainable than the current situation. In such cases,
project managers may need to decide whether this project is complete and move on, or whether
they should continue the implementation of an alternative solution.
Continuing with the examples of opportunities, assume that project managers determine
that the analysis results in Module 4 are reasonable; therefore, the project of replacing clean gas
C2F6 with NF3 would be implemented while the project of comparing adsorbent canisters is
completed and it is undesirable to make a change at this moment (the analysis results indicate
that using one-time use canister is more sustainable than using re-usable canister for local
scrubber in semiconductor industry for now).
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4.6.1

Module 5 – Element 1: Deploy Changes

4.6.1.1

Component 1 – Identify parties involved in the change and impacted by the
change
Since our SIWM framework targets industrial waste related entities, the target entity and

the workers around this entity will be affected by such changes. Also, locations and times need to
be identified. Using selected opportunity: “replace C2F6 with NF3 as clean gas”, the affected
parties include reactor operators, facility engineers and EH&S inside the facility, as well as the
waste disposal companies which participate in transporting and handing the final disposal of the
industrial wastes. If more than one reactor uses C2F6, project managers need to decide whether
all reactors need the change at the same time, or they prefer making the change one reactor at a
time, and which reactor is the first to have the change.
From the project scope and system boundary of the project, project managers can follow
the flow of materials into and out of the system boundary to determine which department,
division, and workers are affected by changes to their process.
Here is a list of tasks project managers may want to review before meeting the involved
parties to review the list with them for their suggestions:
•

Project reasons

•

Project goal

•

Project scope and boundary

•

Project estimated timeline

•

Project expectations
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4.6.1.2

Component 2– Notify parties that are involved and affected by the changes
Project managers can notify involved parties via emails, message boards, invitations, etc.

The following is a form which project managers may want to send out to each project-involved
party or the groups of parties before the beginning of the project; the second column is filled
with information as for an example:
Table 4.39

Sample form to notify involved parties of changes

Project name:

Replacing C2F6 with NF3 as a cleaning gas at reactor X

Project goal:

Reduce the quantity and toxicity of exhaust wastes from
reactor X (before entering local scrubber)

Departments / Divisions:

Facility engineers, reactor engineers, EH&S

Project timeline:

2 months (from ordering the NF3 clean gas, adapting new
facility to reactor X running with NF3 for 1 month)

Project descriptions:

Monitor the changes after replacing C2F6 with NF3 as the
cleaning gas used in reactor X (simple project scope can let
participants visualize the project)

Comments / questions:

(Project managers may want feedbacks from participants)

Contact information:

(Project managers and persons in charge of tasks would let
project participants contact them for update and changes)

Project managers may set up weekly project meetings and use Gantt charts or any project
management software to keep the project on track.
Component 3 – Assign responsibilities for implementation to appropriate entities
After identifying project-involved parties, project managers need to notify them
and break down the project into tasks and assign them to these parties. Here is an example list of
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tasks based on the same opportunity:
Table 4.40

Sample of list of tasks for changing solution

Project name:

Change raw chemicals entering reactor (compare NF3 and C2F6 as clean
gas entering reactor)

Date:
Departments

Tasks / Responsibilities

Timeline

EH&S

Gather SDS of NF3

Completed before
ordering NF3 gas
cylinder

Purchase

Order NF3 gas cylinder and notify project
managers estimated delivery time

Facility

Make changes or adapt current gas lines for

1 month

NF3
Engineering

Reactor engineers will supervise the

1 month (collecting

installation of NF3 gas lines, tuning of the

data)

reactor for NF3, collecting data (NF3) usage,
measuring chemical concentrations at exhaust
gas stream and reporting the chemical profile.

4.6.2

Module 5 – Element 2: Choose Appropriate Indicators of Sustainable Production
(ISPs)
In Module 4, project managers compare alternative solutions in a macro view; in addition

to sustainability aspects (economic, environmental, and social) project managers have to
consider the project budgets. Project managers are viewing the solutions from the company’s
prospect to decide whether the chosen solutions, which may or may not elevate current
sustainability status, are worthy of the company’s investment.
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After solutions are chosen in Module 4, the project managers’ focus is on the target entity
with respect to its sustainability aspects. In Module 4, project managers can use a relative rating
like “Low, Medium, High” to compare the costs. Sometimes, estimated values are acceptable in
Module 4. But in Module 5, actual measurements are necessary.
The metrics, methods, framework and their indicators mentioned in Module 4 have been
carefully developed. However, since these metrics, methods, and frameworks are designed to
measure the company’s sustainability status as a whole, some indicators may be outside of the
project boundary when comparing the alternative solutions. Project managers may need to
modify the lists to fit the project goal and scope. Since comparison is part of the analysis, project
managers should select these indicators and collect the information before deploying the changes
to the entity. That is, with the same example, project managers should use these indicators on the
reactor when it was using C2F6 as a cleaning gas before it is switched to NF3 and then collect
the information based on the same set of indicators.
4.6.2.1

Component 1 – Choose ISPs based on project goals
The indicators in Module 5 are used for comparison of alternative solutions. They carry

similar characteristics as the costs used in the above modules. The chosen indicators should
include, but are not limited to the following features:
•

Project participants agree on the chosen indicators

•

Each aspect (economic, environmental, social) must have at least one indicator

•

Numeric data should have unit and period of measurement

•

Indicators are relevant to input and wastes within the system boundary and
sustainability issues

•

Indicators are relevant to the quantity, quality, intensity, and frequencies of wastes
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The goal of SIWM framework project managers is to seek solutions which are more
sustainable in handling industrial wastes. The inputs that create these wastes and the wastes
themselves are targets. Project managers use indicators to dissect these targets into tangible
features for comparison. The list of indicators is unique to each opportunity. For example,
indicators related to waste water are useless when none of the solutions of the opportunity use
water nor generate waste water. Project managers can modify existing indicators like TRACI
(Bare, Jane 2012), ReCiPe method’s impact category (Huijbregts et al., 2016), LCSP’s twentytwo core indicators (Veleva & Ellenbecker, 2001), and others mentioned in Module 4 to monitor
the performance of the target entity before and after changes and use these methods as guidance
as well.
4.6.2.2

Component 2 – Collect data needed for such ISPs on both before and after
changes
The same list of indicators should be used “before change” and “after change” situations

in order to make the comparison fair. In addition to the input and exhaust information, project
managers need to collect information based on the list of indicators. Since our tasks are
comparing two solutions, project managers can cross out those indicators that do not show
significant differences among the solutions.
The most basic information needed for the SIWM framework is the material input and
output data. For example, project managers need to know the operation conditions: utility usages,
number of worker hours and maintenance hours, etc., and project managers also need to obtain
the following information to compare the two clean gases:
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Table 4.41

Sample of table used to compare the solutions of opportunity

Input clean

Concentration of input Exhaust gases

Concentration of exhaust gas

gas

gas [ppm]

[ppm]

C2F6

C2F6
F2
HF

NF3

NF3
F2
HF

4.6.3
4.6.3.1

Module 5 – Element 3: Use Indicators of Sustainable Production (ISPs) to
monitor performance
Component 1– Report the before and after results
Project managers can line up the solutions side by side against the list of indicators for

comparisons. The following table is an example comparing the two clean gases with the
modified list of indicators (from the twenty-two core indicators of sustainable production by
LCSP of University of Massachusetts Lowell):
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Table 4.42

Sample of table comparing selected indicators of two clean gases

Indicators

C2F6
C2F6

F2

NF3
HF

NF3

F2

HF

Quantity of wastes [liter/month]
Quality of wastes [toxicity]
Global warming potential [in 20 years]
Acidification potential
Cost of waste disposal per quarter
Water consumption
Energy consumption
Costs associated with EHS
compliance
Number of employee hours on
maintenance or turnover rate
Lost workday injury and illness case
rate
Average number of hours of employee
training

Project managers may add more sustainable indicators to compare their solutions. The
results from the comparison are a reality check. Perhaps the changing of clean gas helps to
reduce the quality and quantity of exhaust gas from the reactor, but the number of employee
hours on maintenance or turnover jumps alarmingly because local abatement which, handles the
exhaust needs, more maintenance hours after the change. It seems like the NF3 gas helps the
environmental issues but leads to problems with social issues. By reviewing the upstream and
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downstream of the system boundary, project managers may decide whether the changing of clean
gas itself is not enough to elevate sustainable status. Perhaps project managers will see coupling
cleaning gas and local abatement technology as a potential sustainability opportunity project.
Project managers may need to file their analysis and reports to upper management and
involved departments. Finishing the reports may end the tasks related to this project, but the
operation of the company never stops, so neither does the SIWM framework. Like the changing
clean gas project, the results from indicators may lead project managers to ponder other
sustainability-related projects: change the operation conditions inside the reactor, change the
employee training requirements, change local abatement type, change abatement technology
types, etc. There are many opportunities one can extract from working on a sustainability-related
project.
The goal of the SIWM framework is to assist project managers in making a decision
towards elevating sustainability status in handling industrial wastes within reasonable time and
with reasonable resource. The SIWM framework does not target the whole company’s current
sustainability status. Instead, the SIWM framework breaks the project systematically into
modules and elements to seek out which opportunities suit the company to make changes; then
again, by breaking solutions into tangible tasks, the SIWM framework lets project participants
compare the alternative solutions for better sustainable results. By comparing the solutions of
one opportunity at a time, the SIWM framework may help project managers to elevate the
sustainability status, or at least thoroughly analyze the situation.
Different companies with different sizes, missions, cultures, etc., may prefer different
sustainability methods and frameworks to measure their situations. The goals of such methods,
as well as that of the SIWM framework, are not only about collecting data, analyzing the
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situations and making reports. It is wonderful that such frameworks can help project managers in
making decisions in sustainability-related projects. But it is not only about the end results; the
journey itself can affect everybody involved. Involving employees to participate in the
sustainability-related projects and tasks can let employees know that the company is moving
towards a more sustainable culture.
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CHAPTER V
CASE STUDIES
5.1

Review of Opportunities
There are two case studies in this section. Each case study is an opportunity identified in

Module 2. These case studies are used as examples to demonstrate how the analysis part in
Module 4 of SIWM framework could be utilized. Examples should help users to visualize the
flow of steps in the Framework. The goal of these case studies is to show users the tasks and
considerations they have to ponder during this part of the SIWM framework. Traditionally,
people collect the information to fill out the sustainability status report and then to look for
places to improve their current sustainability status. In SIWM framework, because the analysis is
about comparing options, users will modify the chosen sustainability analysis methods and make
comparisons. The analysis results are used to assist decision makers to decide whether physical
changes to their current operations can help to achieve higher sustainable operations.
These case studies are chosen as opportunities because their ideas come from real
industrial concerns. In case study 1, two raw materials are compared for chamber clean gas; the
competition between PFCs and NF3 as better chamber clean gas has started before NF3 was
included along other PFCs in IPCC’s list of greenhouse gases (IPCC 2006) (Kastenmeier et
al.,2000) (Prather & Hsu, 2008) and this competition is still going on with more gases competing
(Boudaden et al. 2018). In case study 2, the belief that re-usable is a great waste handling method
is put to the test in a real industrial application.
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Because these case studies are used as examples and they are not the principal focus of
this research, a lot of assumptions are made in order to shorten the time and resources in
collecting and analyzing the data. The results from these case studies are generated under
specific situations; the results to these case studies could differ under circumstances with
different assumptions.
5.1.1

Background of Opportunities
Recall that three opportunities were identified in Module 2 in our research as examples

for analysis in the following modules:
Table 5.1

Opportunities identified in Module 2

Opportunity

Alternative Solutions

Goals

The reactor is generating

(1) Replace local

Seek out a more sustainable

more wastes and local

abatement system

abatement system needs

with new system;

more maintenance

abatement solution

(2) Change abatement
type: Wet Scrubber
vs. Adsorbents
Scrubber;
(3) Change raw
chemicals entering
the reactor

Change raw chemicals

NF3 vs.C2F6

Compare two raw materials’

entering the reactor

sustainability costs

*this opportunity was
considered as the third
solution from the previous
opportunity
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Table 5.1 (continued)
Want to reduce costs to

One-time use canister

Investigate which type of containers

dispose of containers of

vs. Re-use canister

is more sustainable to house

used adsorbents

adsorbents which are used to abate
toxic gases

As the decision process moves through Module 3 and toward Module 4, project managers
select two opportunities for potential changes and compare their solutions in Module 4:
•

Opportunity 1: Change raw chemicals entering reactor (C2F6 is the current clean gas)

•

Opportunity 2: Want to reduce costs to dispose of containers of used adsorbents

This chapter will present the analysis of the two opportunities in detail.
5.1.2

Pre-Analysis of Solutions
Before we start actual analysis of the solutions for each case study, there are many tasks

that need to be done:
•

List the solutions of opportunity

•

Specify the target of opportunity

•

Identify the goal, objective, and boundary of the case study

•

Make necessary assumptions

•

Select appropriate analysis methods; make changes when need

•

Assign tasks to collect/report information

The above tasks are not unidirectional; SIWM framework users may need to loop back to
review and re-do these tasks before they can do the analysis/comparison. These tasks will be
covered in the following two sections.
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5.2
5.2.1

Case Study 1 – Change Raw Chemicals Entering Reactor
Background of Case Study 1
Semiconductor and solar panel facilities use a lot of different harmful gases in their

reactors. These harmful gases are heavily regulated by government agencies. To achieve the
highest efficiency, engineers tend to use extra amount of raw chemicals at the inlet of the
reactors. In one of the processes, more than the required amount of silicon-based gas enters the
reactor to deposit silicon on the wafers. After the reactions, these extra chemicals, especially
silicon, will deposit on the surface of the reactor. Silicon is not a harmful chemical, but layers of
silicon covering the inside reactor chamber are reckoned as contaminate. As more and more
extra silicon molecules cover the inside of the chamber, they affect the efficiency and product
quality, and eventually the facility needs to remove these layers of deposit. This removing of
extra silicon from the reactor surface process is called chamber cleaning.
Fluoride ions are the most effective agents to remove the extra silicon from the reactor
surface. Naturally, fluorine gas (F2) and or Hydrogen Fluoride gas (HF) are the feedstock
materials. However, because of their high harmfulness to organisms and the environment, and
potential risks in operation, facilities prefer not to use F2 nor HF gas as feedstock in-situ. Most
facilities employ perfluorocarbons (PFCs), for example: CF4, C2F6, C3F8, etc., and nitrogen
fluoride (NF3) gases as the sources of reactive fluorine clean gases; PFCs and NF3 post lesser
immediate dangers to organisms and the environment than HF and F2. After PFCs and NF3 enter
the reactors, they are busted into F radicals by plasma technology to clean the reactor chambers.
As the reactions state below, fluoride ions react with silicon ions in order to remove them from
the inside of the reactor chamber.
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The residues, product and by-products generated from the reactors need to be abated in
order to lessen their toxicity to organisms, lessen their harmfulness to the environment and
reduce their concentrations, before they are released through the house exhaust to the open air.
The following figure depicts the flow of clean gases before the plasma and through
reactor; the items inside dotted lines are irrelevant to this case study:

Figure 5.1

Clean gas flow

The following is an example of a process timeline of valve actions and chemical changes
inside the reactor chamber during a 20-minute NF3 clean process:
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Figure 5.2

Process timeline of valve actions during clean gas inside reactor

The opening/closing of valve coupling with the on/off of plasma explains why there is
unreacted NF3 at the reactor exhaust (the valve cannot change state as quickly as electricity can
be added or removed from the plasma torch). The chemical changes of C2F6 clean gas process
inside reactor are more complex than that of NF3.
In this case study two types of clean gases, hexafluoropropane (C2F6) and
nitrogen trifluoride (NF3), are subjected to comparison for their sustainable usage under the
stated conditions. Because of time and resource constraints, there are no experiments set up to
test the reactor exhaust. The values related to C2F6 and NF3 are based on balanced reactions.
The results of the comparison will give decision makers a better idea whether the facility needs
to make changes of the choice of the clean gas before making any actual changes.
The following balanced chemical reactions depict how fluoride ions in the form of F2 are
generated from C2F6 (Vitale and Sawin, 2000) and NF3.
C2F6 + ½ O2 → COF2 + CF4
2COF2 + O2 → 2CO2 + 2F2
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(Flamm, 1979)

(5.1)
(5.2)

In summary,
2C2F6 + O2 → 2 CF4 + 2CO2 + 2F2
2NF3 → N2 + 3F2

(5.3)
(5.4)

The fluoride ions generated from the clean gases under plasma will react with Si to form
SiF4; the following is the ideal reaction:
2F2 + Si → SiF4

(5.5)

The above balanced reactions along with other assumptions will be used as bases to
calculate the amount of clean gas entering and amount of by-products leaving reactor exhaust.
The sustainability usage of C2F6 and NF3 as clean gas for reactor is the topic of this case study.
C2F6, NF3, and CF4 (by-product of C2F6) are all subjected to analysis.
5.2.2

Origin of Opportunity
C2F6 and NF3 are both commonly and heavily used clean gases in semiconductor

processes. Both gases possess different attributes as clean gases for chamber cleaning; for
example, it is known that the utilization rate of NF3 is higher than that of C2F6, but C2F6 has a
lower Global Warming Potential (GWP) value than NF3. Also, the regulations on both gases are
different:
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Table 5.2

Regulations of chemicals
IDLH

OSHA

Hazardous material information system

(ppm)

PEL

(U.S.A.) (HMIS)

Comments

(ppm)
Health

Flammability

Physical
hazards

C2F6

-

2

0

0

Greenhouse gas

CF4

-

1

0

0

Greenhouse gas

NF3

1000

10

1

0

3

Toxic, oxidizer

HF

30

3

4

0

3

F2

25

0.1

3

0

3

https://pubchem.ncbi.nlm.nih.gov/compound/24553
https://pubchem.ncbi.nlm.nih.gov/compound/14917
https://pubchem.ncbi.nlm.nih.gov/compound/24524
C2F6: https://www.airgas.com/msds/001053.pdf
CF4: https://wcam.engr.wisc.edu/Public/Safety/MSDS/Halocarbon%2014%20(CF4).pdf
NF3: https://www.airgas.com/msds/001079.pdf
HF: https://www.airgas.com/msds/001077.pdf
F2: https://www.airgas.com/msds/001061.pdf
The following table lists the Global Warming Potential (GWP) of C2F6, CF4 and NF3
(IPCC, 2006):
Table 5.3

GWP of C2F6, CF4 and NF3

C2F6

10,000

GWP
20 year
Time Zone
8,630

CF4

50,000

5,210

7,390

NF3

740

12,300

17,200

Atmospheric Lifetime
[years]

270

GWP
100 year
Time Zone
12,200

5.2.3

Target of Opportunity
The subject of the first opportunity to be examined is the potential replacement of C2F6

gas with NF3 gas as a reactor cleaning agent to remove silicon residues from the reactor
chamber. Currently C2F6 gas is employed as the clean gas; the opportunity is to analyze whether
C2F6 or NF3 gas is a more sustainable choice under the stated conditions before decision makers
decide whether an actual change of clean gas at inlet of reactor is desirable. The undesired byproduct of C2F6 decomposition, carbon tetrafluoride (CF4), is examined along with the raw
source gases C2F6 and NF3.
5.2.4

Goal of Opportunity
The goal of this opportunity is to use sustainable indicators to determine which clean gas

at the inlet of the reactor, C2F6 or NF3, is a more sustainable choice under the given conditions
before decision makers decide whether an actual change of clean gas is desired. Throughout the
analysis, decision makers select and adjust available lists of indicators/parameters to compare the
two options.
5.2.5

Objective of Case Study
The objective of this case study is to use this opportunity, change of raw chemicals

entering reactor, to show how the “Evaluate Costs of Alternative Solutions for Opportunity”
element in Module 4 of SIWM framework is performed on comparing the raw materials usage in
a semiconductor application and what to do after the analysis is completed.
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5.3
5.3.1

Analysis of Case Study 1
System Boundary of Case Study 1
Life cycle analysis means analysis throughout the life of an entity and, ideally, this life

starts from extraction of raw materials through processing, transport, and use ending with the
ultimate disposal of the materials used. In practice, life cycle analysis often involves system
boundaries with respect to time and resources that are less than the ultimate boundaries of total
life and total resources employed. To simplify our analysis, the “life” in our analysis starts with
clean gas entering into the reactor, and ends with the residues, products and by-products coming
out of the reactor. In normal operation, there is usually a local scrubber connected to the reactor
gas exhaust; the choice of abatement technology used by this local scrubber depends on the raw
chemicals, products, and by-products entering and generated in the reactor. But for this case
study, the local scrubber is not included in the system boundary. The system boundary of this
case study is around the reactor during the clean process: from clean gas entering the reactor in
the inlet stream to the list of residues, products and by-products in the reactor exhaust stream
while residues of silicon are covering the inside of the reactor chamber. Therefore, the efficiency
of the local abatement systems is ignored in this case study. To include the choice of local
abatement technologies inside the study boundary to compare the choice of clean gas is an
interesting research topic; however, the relationship between the process gases and local
abatement technologies is too complicated to use as a case study in this research study. For
example, to compare two clean gases against three types of abatement technologies will generate
six scenarios for comparison. The purpose of our case studies is to show how our SIWM
framework can be applied. The complexity of including types of abatement technologies inside
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the system boundary would distract the focus from the SIWM framework application to analysis
of relationship between clean gases and abatement technologies.
We are interested in finding out which clean gas option, C2F6 or NF3, is more
sustainable under the stated conditions and assumptions. The results from our analysis will be
used to facilitate the decision-making in Module 5 of our SIWM framework.
5.3.2

Assumptions for Case Study 1
In order to accomplish the analysis within a reasonable time and with reasonable

resources, a list of assumptions is set to restrict the analysis.
(1)

The reactor can adapt to using either clean gas without major expense or

interruption of operations. Also, only one type of clean gas is used, that is, either only C2F6 or
NF3 gas is used; there is no mixing nor alternating using the two gases.
(2)

The cost of using C2F6 and NF3 gases: C2F6 @ $25/lb and NF3 @ $110/lb

(Fthenakis, 2001)) will be used with assumption (7) for the calculation for economic
performance factor in Table 5.4 below.
(3)

The same plasma technology, radiofrequency plasma, is used in the reactor to bust

the clean gases. We ignore the chemistry and plasma operation mechanisms and chemical
reaction dependence on oxygen flow, nitrogen flow and plasma power. That is, we assume
differences in temperature, pressure, nitrogen usage, and oxygen usage and plasma power are
insignificant. The plasma chemistry involving free radicals, fragments and un-stable species are
beyond the scope of our research. Utilization of clean gas depends heavily on the type of plasma
(Alsema et al., 2007) and research studies have indicated different amounts and types of
additives to plasma prone certain by-products over others (Vitale and Sawin, 2000) (Ino et al.,
1996) but these adjustments are beyond the scope of this analysis.
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(4)

In this case study only C2F6, CF4 and NF3 are analysis targets. It is assumed that

there are no significant differences of usage of N2 and O2 at the reactor inlet and no significant
difference in generation of SiF4 and NOx at the reactor exhaust between C2F6 and NF3. In
reality, HF and F2 are generated and observed at the reactor exhaust because moisture can sneak
into pipes and react with SiF4 to form HF and the extra NF3 is prone to form F2. However, it is
assumed that there are no significant differences of the generation of both HF and F2 at the
reactor exhaust between C2F6 and NF3 clean gases.
(5)

Because NF3 chemical reactions inside a reactor are less complicated than

C2F6’s, we would use NF3’s efficiency and balanced chemical reactions as reference to
calculate the corresponding usage of C2F6 entering the reactor. The calculation results are shown
in assumption (7).
(6)

The Lowell Center for Sustainable Production, University of Massachusetts

Lowell (LCSP)’s twenty-two indicators of sustainable production (ISPs) methodology, with
some adaptation, is chosen as the quantification method to compare the two clean gas options.
(7)

It is assumed that:

Process utilization rate of C2F6 is 30%, while
process utilization rate of NF3 is 98% (Fthenakis, 2001) (Beu, 2005)
The following is the calculation based on the balanced chemical reactions and the gas
utilizations stated above; it is assumed that 30% C2F6 is converted to form F2 to react with
silicon while the other 70% is all converted to CF4:
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Table 5.4

Calculations of C2F6 and NF3 usages
C2F6

CF4

NF3

(molecular weight =

(molecular weight

(molecular weight = 71

138.01 g/mole)

= 88 g/mole)

g/mole)

In order to generate 2 mole F2 to

2 moles (~276 grams,

react with 1 mole silicon, number

0.61 lb)

0

4/3 moles (~95 grams,
0.21 lb)

of clean gas moles needs
In reality when utilization rates

6.7 moles

are taken into consideration to

(~ 925 grams, 2.04 lb)

(96.6 grams, 0.21 lb)

generate 2 moles F2, actual

(2 moles ÷ 30%

(4/3 moles ÷ 98%

amount of clean gas needed

utilization)

utilization)

Quantity at exhaust

0

CO2 equivalent at 100 year at

0

0 (= 0 kg x 12,200)

exhaust

1.36 moles

4.67 moles

0.027 moles

(~ 411g)

(~ 2 g)

3,037.3 (= 0.41

34.4 (= 0.002 kg x

kg x 7,390)

17,200)

Because process gas types, flowrates, and operation conditions, etc., are considered
proprietary property of companies, and these data are very reactor and process dependent, the
above data are filled in based on estimations and assumptions. In reality, it is recommended that
decision makers make an effort to set up experiments to measure the various gas flowrates at the
inlet and exhaust of reactors in-situ with spectrometry instruments, for example, extractive
Fourier transform infrared (FTIR) spectroscopy and quadrupole mass spectrometry (QMS). The
values from experiments, such as usages of N2 and O2 for plasma, and generation of HF and F2
at the reactor exhaust, can make the comparison of the options more realistic.
One of the major tasks before analyzing the solutions is choosing the appropriate analysis
method. The chosen analysis methods dictate what information project managers must collect.
Since Module 4 of SIWM framework involves comparing solutions, project managers may have
to make modifications to the data form to enable direct comparison between these solutions; for
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example, the unit of an indicator may require conversion to allow a 1-to-1 comparison. Similarly,
other metrics may explore the ratio of the one solution to the others – a task that clearly requires
common units.
The chosen qualification method in this case study is the LCSP’s twenty-two indicators
of sustainable production (ISPs) methodology (Veleva and Ellenbecker, 2001). This method
aims at promoting and measuring companies’ performance based on a set of six core aspects
with their twenty-two indicators of sustainable production (ISPs). Our analysis will be based on
these ISPs with some modifications.
The six core aspects and the twenty-two ISPs are listed in the table below.
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Table 5.5

LCSP’s of 6 core aspects and 22 ISPs

Core aspects
Resources –
energy and
material uses

ISPs
Fresh water consumption
Material used
Energy used

Natural
environment
including
human health
Economic
performance

Community
development
and social
justice
Workers

Products

5.3.3

Percent of renewable energy
Kilograms of waste generated before recycling
(emissions, solid and liquid waste)
Global warming potential (GWP)
Acidification potential
Kilograms of PBT chemicals used
Costs associated with EHS compliance (fines,
liabilities, workers compensation, waste treatment
and disposal, remediation
Rate of customer complaints and returns
Organization’s openness to stakeholder review and
participation in decision-making process (scale 1-5)
Community spending and charitable contributions as
percent of revenues
Number of employees per unit of product or dollar
sales
Number of community-company partnerships
Lost workday injury and illness case rate (LWDII)
Rate of employees’ suggested improvements in
quality, social and EHS performance
Turnover rate or average length of service of
employees
Average number of hours of employee training per
year
Percentage of workers, who report complete job
satisfaction (based on questionnaire)
Percent of products designed for disassembly, reuse
or recycling
Percent of biodegradable packaging
Percent of products with take-back polices in place

ISPs unit
Liter
Total and per unit of kilogram
product
Total and per unit of kilowatt
hour product
%
Kilograms
Tons of CO2 equivalent
Tones of SO2 equivalent
Kilograms
$
Number of complaints/returns
per product sale
%
Number/$
#
Rate
Number of suggestions per
employee
Rate (years)
Hours
%
%
%
%

Analysis of Alternatives for Case Study 1
In this opportunity there are only two options: C2F6 gas and NF3 gas. We will compare

these two types of clean gas against economic, environmental and social issues. As mentioned
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above, the chosen analysis method is LCSP’s twenty-two indicators of sustainable production
(ISPs) methodology (Veleva and Ellenbecker, 2001).
Because we are using the indicators as comparison factors to compare the options in our
case study, some modifications are made to the LCSP’s indicator table. The major modification
of the ISP table is made under the “ISPs Unit” column. Instead of reporting the static values of
the factors, “differences” and “ratios” between the options are reported on the table. Thus, the
values provided in “C2F6 gas” and “NF3 gas” columns are the differences or ratios between
these two types of gases based on the calculations of generating 2 moles of F2 to react with 1
mole Si, along with the stated assumptions.
For simplicity purpose, those indicators with no significant differences between C2F6
and NF3 gases are not reported in the comparison table below. Also, four indicators are added to
the list of indicators. It is believed that “Costs of the raw materials” and “Costs of the disposal”
related to these raw materials should have an impact on the decision from a financial perspective.
Also, although the second core aspect, natural environment, includes human health, “Safety
handling of materials” and “Potential risk” are two additional indictors that can explicitly state
the chemical characteristics and handling risks workers have to deal with.
The following table shows which indicators will be used with their ISPs unit, and which
indicators are removed (they are crossed out).
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Table 5.6

Modified ISPs table for C2F6 and NF3 comparison

Core aspects

ISPs

ISPs unit

Resources –
energy and
material uses

Fresh water consumption
Material used
Energy used

Liter
Different in weights
Total and per unit of
kilowatt hour product
%
Different in weights

Percent of renewable energy
Natural
Kilograms of waste generated before recycling
environment (emissions, solid and liquid waste)
including
Global warming potential (GWP)
human health
Acidification potential
Kilograms of PBT chemicals used
Economic
performance

Costs associated with EHS compliance (fines,
liabilities, workers compensation, waste
treatment and disposal, remediation
Rate of customer complaints and returns
Organization’s openness to stakeholder review
and participation in decision-making process
(scale 1-5)
Cost of raw materials
Cost of disposal

Community
development
and social
justice
Workers

Community spending and charitable
contributions as percent of revenues
Number of employees per unit of product or
dollar sales
Number of community-company partnerships
Lost workday injury and illness case rate
(LWDII)

Ratio of CO2 GWP
equivalent
Tones of SO2 equivalent
Kilograms
$
Number of
complaints/returns per
product sale

Ratio of summations of
raw materials
e.g. different in abatement
cost
%
Number/$
#
Rate

Rate of employees’ suggested improvements in
quality, social and EHS performance

Number of suggestions per
employee

Turnover rate or average length of service of
employees
Average number of hours of employee training
per year

Rate (years)
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Hours

Table 5.6 (continued)

Products

Percentage of workers, who report complete job
satisfaction (based on questionnaire)
Percent of products designed for disassembly,
reuse or recycling
Safety handling of materials
Potential risk
Percent of biodegradable packaging
Percent of products with take-back polices in
place

%
%
e.g. OSHA PEL data
e.g., HMIS data
%
%

The following table reports the comparison between C2F6 and NF3 as clean gas based on
the assumptions and calculations against the modified ISPs.
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ISPs unit

Comparisons of C2F6 and NF3 against indicators
ISPs
Differences in weights [Total and per unit of
kilogram product]

Table 5.7
Core aspects
Material used

C2F6
vs NF3

Ratio of CO2 GWP equivalent [Tons of CO2 equivalent]

CF4 vs
NF3

(if the amount of raw materials entering reactor are
significantly different between the two clean gases,
they should be added or list individually with
respect to their reactions)
Differences in weights [Kilograms] (if other wastes
C2F6
generated from the two clean gases are detected
vs NF3
significantly different, they should be added or listed
individually to their respective reactions)

Resources –
energy and
material uses

Natural
environment
including
human health

Kilograms of waste
generated before
recycling
(emissions, solid and
liquid waste)

Global warming
potential (GWP)

(summation of all residues and by-products: CO2 GWP
equivalent at 100 year =
∑i Chemicali x GWPi)
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>9 times
more in
weight
(925
grams)

C2F6 gas

N.D.

(96.6
grams)

NF3 gas

(CO2
GWP
equivalent
of NF3 =
34.4)

(~2.0
grams)

N.D.

>205 times
more CF4
in weight
(~411
grams)
> 88 times
more than
NF3 (CO2
GWP
equivalent
of CF4 =
3,037.3)

Ratio of summations of raw materials

Costs of disposal

e.g. OSHA PEL data or comments of each raw
material and (by-)product

e.g. efficiency of local abatement system can be as indicator
for the costs of disposal; if it is assumed that canister of
adsorbents is at reactor exhaust and it can remove 90% of
NF3 and its by-products, while it can only abate 60% of C2F6
and its by-products.

(= summation of raw materials of option 1 / summation of raw
materials of option 2)

Safety handling of
materials

Cost of raw
materials

Table 5.7 (continued)
Economic
performance

Workers

e.g. HMIS data of each raw material and (by)product (Health, Flammability, Physical hazards)

C2F6
CF4
NF3
HF
F2
C2F6
CF4
NF3
HF
F2
Potential risk
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>2 times
cost of
chemical
raw
materials
(~$51 =
$25/lb x
2.04lb)

(~$23 =
$110/lb x
0.21lb)

~1.5 times
more
effective

1, 0, 3

10 ppm
3 ppm
0.1 ppm
2, 0, 0
1, 0, 0

4, 0, 3
3, 0, 3

5.3.4

Case Study 1 Result Discussions
Since the purpose of this case study was to demonstrate implementation of the SIWM

Framework, an extensive examination of the results of the comparison between NF3 and C2F6 is
not within the scope of this research. However, in the case where the user had implemented the
framework in order to improve sustainability, the discussion of the results would, based on the
listed assumptions and conditions, expand upon the apparent conclusion that NF3 is a more
sustainable clean gas than C2F6 under the stated conditions. This conclusion would then
motivate project managers to seriously consider that NF3 is a more sustainable cleaning gas for
current situations. At this point, project managers have many choices of direction: (1) no changes
– the analysis results seem to indicate that the NF3 is a more sustainable material over C2F6 as
clean gas, but their differences are not significant enough to propel any changes in the
operations, (2) more analysis - project managers may choose another sustainability metric to
compare C2F6 and NF3 in order to convince the facility that the analysis results are not method
dependent, (3) deploy the changes – project managers and facility believe the analysis results are
good enough for them to make the change from using C2F6 to NF3 as the clean gas in this
operation.
If project managers choose to deploy the changes, they are moving toward Module 5 of
the SIWM framework which is covered in Chapter IV of this research.
5.4
5.4.1

Case Study 2 – Want to reduce costs to dispose of containers of used adsorbents
Background of Case Study 2
Semiconductor and solar panel facilities use many different highly toxic gases in their

reactors. These toxic gases are heavily regulated by government agencies. To ensure that the
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facilities are in compliance with the regulation limits, facilities commonly employ local
abatement systems, which are located very close by the reactors, to abate these toxic gases before
letting these exhaust gases go to the house exhaust. These types of local abatement systems are
commonly called point-of-use scrubbers.
Commercially there are five major types of local abatement systems/technologies:
1) Dry adsorption: use adsorbents to chemically convert or trap molecules
2) Wet absorption: use water to absorb chemically
3) Thermal-wet: use high temperature to break down molecules then use water to
remove particles and cool down system
4) Plasma: use high-energy plasma to bust the molecules
5) Flame: use fire to burn flammable pollutants
The efficiency of these abatement systems is highly dependent on matching the right
technology against the target chemical characteristics. For example, water scrubbers can achieve
very high efficiency against highly water soluble chemicals, e.g., hydrogen chloride.
In the dry abatement systems, canisters containing dry adsorbents are the integral
components of the scrubber, and sometimes this canister is used as a stand-alone scrubber
without a support system. Kitchen faucet water filters are examples of dry scrubbers. When
water passes through, the carbon inside the canister removes the impurities from the water.
In industrial facilities these canisters are usually filled with engineering designed
adsorbents which target specific chemicals. Depending upon the application, these canisters may
be installed along with a control system that includes inlet valves, outlet valves and computer
programs controlling these valves. In this case, the canister inlet valve is connected to the gas
exhaust of reactors (may be before or after a booster pump) to abate the toxic and hazardous
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residues, products and by-products generated from the reactors. The outlet valve of the canister is
connected to the main house exhaust (sometimes with vacuum pumps to ensure the gas flows are
unobstructed). A computer controls the valve opening and closing: the valves open when reactors
are engaged and close when the reactors are idle, such that the capacity of the adsorbents are
preserved. When the capacity of the adsorbents is expired, users change out the used canisters
and the control system stays.
The following is a simplified drawing of the flow of process gases without valves or
pump:

Figure 5.3

Flow of gases entering and leaving canister

Because dry adsorbents can achieve the highest abatement efficiency among the common
abatement technologies, dry adsorbent canisters are often chosen as the local scrubber to abate
highly toxic, flammable, explosive and reactive chemicals that are heavily regulated by
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government agencies; for example, arsine gas (IDLH = 6 ppm; TLV = 0.05 ppm) and phosphine
gas (IDLH = 50 ppm; TLV = 0.3 ppm). To enhance their ability to chemically abate/trap these
highly toxic chemicals from process exhaust, adsorbent experts commonly impregnate
adsorbents with reactive chemicals. For example, acidic gases are often abated with adsorbents
doped with bases. Hydride gas adsorbents are frequently doped with metal oxides such as:
copper oxide, zinc oxide, or oxides of manganese.
The following are examples of balanced chemical equations of the reactions between
hydride gases and a metal oxide:
2AsH3 + 5CuO → 2AsO + 5Cu +3H2O

(5.6)

2PH3 + 5CuO → 2PO + 5Cu + 3H2O

(5.7)

There are many different sizes of canisters used in industrial facilities. Dry scrubbing
cartridges range from micro scale to structures as large as a building. The sizes of canisters
depend on the application. Key design considerations include the total volume of flow per
minute, concentration of target gases, temperature, and acceptable pressure drop. Adsorbents
need minimum residence times to adsorb/react their target chemicals. Another consideration is
that the faster the gases move through the scrubbing cartridge the higher the pressure drop across
the cartridge. As a result, the total flow and concentration must be considered against pressure
drop when sizing the scrubber. Temperature comes into play because the chemical reactions
generate heat and if the reaction occurs in too small of a space, or occurs too rapidly, an unsafe
condition could be created.
Adsorbents have a limited capacity to adsorb target chemicals. After all capacity is used,
these adsorbents are useless and the canister with its adsorbents inside must be replaced (again,
consider the analogy of the kitchen water filter). There are various methods users of dry
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scrubbing canisters employ to signal that it is time to replace the adsorbent canisters. The
following are some of these methods:
•

Periodic change: users will replace their canisters after a certain set time period; users
may sync this change-out canister time with their routine maintenance schedule, or
users have experiences/knowledge of the capacities of the adsorbents,

•

Gas detector alarms (near outlet of canister): when the adsorbents are used and they
are no longer capable to adsorb the target chemicals, these target chemicals will pass
through the pipes and are detected by the gas detector,

•

Color change indicator adsorbents with sight glass: some adsorbents will change
color when they come into contact with certain chemicals, for example, some blue
desiccants change to pink when they contact moisture in air. The sight glass installed
on the canisters allow users to visually detect that adsorbents have contacted certain
chemicals,

•

Weight of adsorbents: when adsorbents adsorb chemicals, these chemicals stay inside
the canisters and add weight to the whole canister with adsorbents. When users install
the canister, they put the canister on an appropriate size scale. The added weight
indicates the amount of chemicals added. Some adsorbent suppliers provide the
adsorption capacity of these adsorbents. Users of canisters can use these references to
calculate whether the adsorbents have approached their limits.

The target of this case study is the canister that holds the adsorbents and not the
adsorbents themselves. Being more specific, the research target is the usage/fate of canisters that
have come into contact with hazardous gases.
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In some instances, users may take extra steps to re-use or recycle their used scrubbing
canisters because they are told, or assume, that recycling is the environmentally superior solution
or the economically superior solution. That is, they believe that recycling the canister is more
sustainable than disposal and replacement of the canister.
This case study examines the assumption, recycling is environmentally superior solution,
in the above paragraph, and attempts to determine if reuse of canisters in a recycling operation is
truly the more sustainable solution. This study also considers other factors beyond canister
material cost and waste as factors in the sustainability equation.
In the United States, regulations state that the generators of wastes are responsible for
their wastes from “cradle to grave”. That is, the user who contaminates the virgin dry scrubbing
canister is responsible for the contaminated material until it is legally destroyed or rendered
harmless by a permitted facility. Thus, liability is an important consideration in hazardous waste
and hazardous material handling sustainability.
Currently there are two common options dry scrubber suppliers provide their customers
to handle the used canisters: (1) dispose of the used canister along with the spent adsorbents and
replace the entire assembly, and (2) dispose of the used adsorbents but keep/return the canisters
(after these used canisters have gone through proper cleansing under regulations) for fresh
adsorbent refill.
In this case study, our canisters and their adsorbents are used in a local scrubber to abate
arsine (AsH3) and phosphine (PH3) gases. Contact with these two gases typically renders the
material inside the canister, and the canister itself, as a hazardous material and, when disposed
of, as a hazardous waste. Very strict regulations apply to the shipping, storage, and disposal of
hazardous wastes. These regulations arise from Department of Transportation (DOT) regulations
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as set for in 49 CFR and RCRA regulations as set forth in 40 CFR. In addition, improper
handling can lead to sanctions under CERCLA / SARA (commonly known as superfund).
5.4.2

Origin of Opportunity
A supplier of the local abatement systems has heard from many customers of dry

abatement systems regarding their canister usage. So, this opportunity is considered as
originating from “Voice of Customer (VOC)”. Customers’ concerns are mainly about the
disposal of used canisters and their used adsorbents. Because these canisters and dry adsorbents
are used for treating highly toxic chemicals, the costs of these canisters and the costs of properly
handling these wastes are not insignificant. For example, the fabrication fee for a 5-cubic-foot
capacity canister is about US $1,600; the disposal of a used 5-cubic-foot capacity canister and
the used adsorbents which have been used to abate arsine and phosphine gas ranges from US
$2,000 to $6,000 (depending on the waste disposal company’s policies and agreements). For
facilities that use high amounts of such toxic gases, their usage of these canisters is also high;
thus, their costs of properly handling these wastes are very significant.
Under the goal of reducing the cost of disposal, customers have questioned whether any
components of the used canisters can be re-used or recycled. It is known that used adsorbents
could be recycled. For example, some of the activated carbon in household water filters can be
sent back to manufacturers for recycling, but as far as the researcher knows, there are no
commercial companies willing to recycle extremely hazardous adsorbents such as arsine and
phosphine gas contaminated metal oxides-impregnated adsorbents. This is true even though
elemental arsenic and phosphorous are very valuable commodities. Thus, in this case study, it is
assumed that (arsine and phosphine contaminated) used adsorbents are either landfilled or
incinerated. Re-use and recycling of used adsorbents are recommended for others to research.
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Since the canisters are one of the highest cost components of the abatement system (canisters are
commonly custom-design carbon steel containers with the prices ranging from US $1,000 to
$20,000, depending on their sizes and features), the canister (which has come in contact with
hazardous type of gases) becomes the target of potential reuse evaluations.
It may seem that if a supplier of dry adsorbent abatement systems can re-use the
canisters, customers only need to pay for the fresh adsorbents and the labor fee to empty and
refill these canisters. Users could thereby save the costs of disposing used canisters and the costs
of new canisters. Since canisters are reused in this scenario, a lesser quantity of used canisters is
sent to disposal. As a result, on the surface, it would appear that a lesser quantity of wastes is
generated. In this case, a supplier of dry adsorbent abatement systems believes the idea of
reusing the canister is worth consideration. The supplier wants to compare the sustainability in
term of economic, environmental and social factors, of one-time use canisters against re-usable
canisters.
5.4.3

Target of Opportunity
The target of the current opportunity is the canisters which are used to house the

adsorbents that are used to abate highly toxic exhaust gases which include arsine and phosphine
gases in the flow. The spent adsorbents may be considered as hazardous solid wastes and will be
landfilled or incinerated after they are emptied by licensed waste disposal handlers. Because
arsine and phosphine gases have come in contact with the inside of the canister, these canisters
are considered to be contaminated. These contaminated canisters would need necessary decontamination if they are going back to the supply chain to be re-used.
Under the current opportunity there are only two types of canisters under consideration:
(1) one-time use canisters (they will be landfilled or incinerated like spent adsorbents) and (2) re290

used canisters (some components would need to be reinforced in order to sustain multiple
shipments). The following two diagrams depict the flow of the two types of canisters:

Figure 5.4

Flow of one-time use canister
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Figure 5.5

5.4.4

Flow of re-use canister

Goal of Opportunity
The goal of this opportunity is to use sustainable indicators to determine which type of

canister, one-time or re-use, is more sustainable for usage when these canisters are used in
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applications where they have come in contact with arsine and phosphine gases from reactors.
Throughout the analysis, decision makers select and adjust available lists of
indicators/parameters to compare the two types of canisters.
5.4.5

Objective of Case Study
The objective of this case study is to use this opportunity, reduce costs to dispose of

containers of used adsorbents, to show how the “Evaluate Costs of Alternative Solutions for
Opportunity” element in Module 4 of SIWM framework is performed on deciding which of the
two options: one-time use canisters versus re-use canisters, is a more sustainable management of
the semiconductor scrubber containers.
5.5
5.5.1

Analysis of Case Study 2
System Boundary of Case study 2
Life cycle analysis means analysis throughout the life of an entity and this life starts from

extraction of raw materials through process, transport, use and disposal. To simplify our analysis,
we will start from when one-time use and re-use canisters are already at the supplier (we treat
these canisters as if they are “raw material” themselves) and the life of canisters end when they
are disposed (landfilled or incinerated).
Our goal is to compare two options with respect to canisters: one-time use canisters
versus re-use canisters for their sustainability. We limit our scope of comparing these two
options of canisters. We are not investigating optimal use of adsorbents; we are not assessing the
minimal environmental impact methods to treat the used adsorbents and their canisters, and we
are not seeking the most logistically sound transportation routes for used canisters, although
these are interesting research topics in sustainability and other subjects. We are interested in
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finding out which option is more sustainable under the stated conditions. The results from our
analysis will be used to facilitate the decision-making in Module 5 of our SIWM framework.
The one-time use canister and the re-use canister are fabricated by the same welder.
Although re-use canisters are built stronger than one-time use canisters, they have the same
outside dimensions and both devices have the capacity to contain a maximum of 15 cubic feet of
adsorbents. The cost of fabricating the canisters catches the differences in design between the
two types of canisters.
5.5.2

Assumptions for Case Study 2
The assumptions stated in this study are set to restrict the system boundaries such that we

can finish the analysis within a reasonable time. These assumptions tend to be general, but they
build from real operations. The major broad assumptions are:
(1)

Triple-rinsing of used and emptied re-use canisters with water by permitted

facilities is required and accepted by The U.S. Department of Toxic Substances Control (DTSC)
standard (“DTSC - Managing Empty Containers”, 2009). A licensed waste handler has estimated
that each rinse requires half the volume capacity of the canister. To triple rinse an emptied 15
cubic feet volume capacity re-use canister would use about 22 cubic feet of water (about 165
gallons, more than 620 liters of water) per triple-rinse of one re-use canister
(2)

Because re-use canisters have to sustain multiple washes and transportations, they

are built stronger than one-time use canisters. We would consider that the costs for welding the
canisters capture all differences between the two types of canister. One-time use canisters are
built with carbon steel; re-use canisters are built with stainless steel in order to prevent rusting
because of the multiple water rinsing during their lifetime.
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(3)

The same types of fresh adsorbents are used, and the same amount of wastes are

generated inside the canisters, regardless of the type of canisters; thus, the adsorbents have no
impact on the research. The disposal of used adsorbents and used canisters would be treated with
the same method. Although treatments of industrial wastes and their related topics are intriguing
topics for research study, methods of treating industrial hazardous wastes are beyond our scope
and system boundary. The quantity of wastes from canisters are one of the main foci in this
study.
(4)

There is no significant difference in energy usage between the two types of

canisters in this study.
(5)

There is no difference in transporting one-time use canisters and re-use canisters

from supplier to customers; also, there is no difference in transporting used one-time use
canisters and re-use canisters from customers to the licensed waste facility for disposal and
washes. Therefore, the only significant transportation-related data are the extra routes for the
return of de-contaminated re-use canisters from licensed waste facility to supplier facility for
refilling with fresh adsorbents.
Other assumptions include:
(1)

Our study is for a two-year span, and the usage cycle is one canister per two

months. It means the user will use 12 one-time use canisters in two years, or two re-use canisters
with triple-rinsing between their usages. To simplify our study, the user only uses one type of
canister per two-year period.
(2)

Used one-time use canisters have to be emptied before they are disposed; that is,

used one-time canisters are not disposed with used adsorbents inside them.
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(3)

Re-use canisters can be washed and refilled for unlimited times, but they have to

be disposed after a two-year span. In this case study, we assume two re-use canisters are rotating
in two years. And each re-use canister will face six times triple-rinse in the two year span.
(4)

Water is the regulation approved solvent for the triple rinse of re-use canisters.

(5)

The same licensed waste management facility handles the wastes from one-time

use canisters and triple-rinsing the re-use canisters.
(6)

Although triple rinsing and transporting rinsed canisters to a facility for refill

render these canisters out of commission for several days, since it takes days to fabricate new
one-time use canisters from scratch, we consider such delay for using re-use canisters has neither
positive nor negative impacts on their functionality.

Assumptions related to one-time use canisters and re-use canisters include:
(1)

Fabrication – both one-time and re-use canisters have the same outside

dimensions and 15 cubic feet adsorbents holding capacity. Re-use canisters usually cost three
times that of one-time use canisters to fabricate because re-use canisters have to sustain triplerinsing and shipments. One-time used canister cannot be used as re-use canister. Re-use canister
can be used for one time and discarded, but it would be a waste of its value. In this case study,
tare weight of one-time use canister is about 160 kg; tare weight of re-use canister is about 250
kg.
(2)

Accessibility for refilling adsorbents– the 6-inch-diameter “Gas Inlet” port can be

used as adsorbents filling port for both one-time and re-use canisters.
(3)

Consumable materials - used gaskets/ centering-rings of both one-time and re-use

canisters are wastes and disposed; the costs from consumable materials for re-use canister are
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built into the cost of the re-use canister to simplify the analysis. The disposal costs and quantity
of wastes from used gaskets/ centering-rings are insignificant between the two types of canisters.
(4)

Used canisters – used adsorbents are emptied out from canisters for disposal

(landfilled or incinerated) regardless of canister types. In this case study, we assume the disposal
methods and cost of disposing emptied canisters are the same, regardless of types of canisters.
So, both types of canisters will have the same amount of used adsorbents disposal fee. One-time
use canisters have an end-of-life canister disposal cost of US $3,000, while re-use canisters have
canisters triple-rinsing fee of US $3,000 and shipping to supplier transportation fee of US$ 300,
and US $3,000 end-of-life disposal cost after 2 years of usage.
(5)

Transportation costs – since we assume the same licensed waste company handles

the canisters emptying, disposal and contaminated re-use canister’s triple rinsing process, the
only difference between the two options is the additional routes of triple-rinsed re-use canisters
from licensed wastes facility to supplier (US $300 each route) for fresh adsorbents refilling.
(6)

Wastes generated – used one-time use canisters are wastes themselves after the

customer flows their exhaust gas through the adsorbents; they are disposed like their used
adsorbents, while re-use canisters are reused after being de-contaminated. Metal contents from
both types of canisters can be recycled if these used canisters are considered not contaminated
with harmful/toxic chemicals. But in our current case study, recycling of metal contents from
these canisters are not considered.
The following table summarizes the differences between one-time canisters and re-use
canisters against major topics in a two-year usage span:
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Table 5.8

One-time canister versus Re-use canister

Differences
Fabrication costs

One-time canister
US $3000

Re-use canister
US $9000

Accessibility

No differences

No differences

Consumable

No differences

No differences

Used canisters

US $3,000 X 12 (12 one-time
canisters are disposed in 2
years)
No shipment from licensed
waste handler to supplier

US $3,000 X 2 (2 re-use
canister per 2 years)

Transportation costs

Wastes generated (same
amount of used adsorbents
are generated and disposed
between the two types of
canisters)

5.5.3

10 shipments of the 2 triplerinsed re-use canisters from
licensed wastes hander back
to supplier for refill

12 emptied one-time canisters 2 emptied re-use canisters +
12 times triple-rinsing of the
2 re-use canisters between
alternation of usage in 2 years

Analysis of Alternatives for Case Study 2
In this opportunity there are only two options: one-time use canister and re-use canister.

We compare these two types of canisters against: economic, environmental and social issues.
The same qualification method: LCSP’s twenty-two indicators of sustainable production (ISPs)
that we have used in the previous case study is used in this case study. Again, there are some
modifications made to the original method because we are comparing two options.
The following is a modified ISP table. Only the differences between the two types of
canisters are provided in “One-time use canister” and “Re-use canister” columns; these values
are based on the calculations of canisters usage in a 2-year span. For simplicity purpose, those
indicators with no significant differences between the two types of canister are not reported in
the comparison table below. Also, two indicators are added to the following table: “Costs of
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Materials” under “Economic performance” core aspect and “Potential risks to workers” under
“Workers” core aspect.
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ISPs
Liter

ISPs unit

Re-use canister

7,440 liters (620 liter/triplerinse * 12 triple-rinse)

1920 kg carbon
steel wastes

500 kg stainless steel wastes +
7,440 liter arsenic
contaminated water

Note: after rinsing the
contaminated canisters, this
water become contaminated
water
500 kg stainless steel (250 kg
*2 canisters)

$36,000 ($3,000 *
12 canisters)
$36,000 ($3000 *
12 canisters)
-

Higher (because workers have
to deal with arsine/phosphine
contaminated water)

$72,000 [$6,000 ($3000 * 2
canisters) + $36,000
($3,000*12 triple-rinse) +
$30,000 ($300*10 shipments)]
$18,000 ($9000 * 2 canisters)

1920 kg carbon
steel (160 kg *12
canisters)

One-time use
canister
0

Comparison of one-time use canister and re-use canister against indicators

Core aspects
Fresh water consumption

Table 5.9

Resources –
energy and
material uses

$ (only disposal of
canisters, triplerinsing and shipping
re-use canisters)
$ (only canisters
are considered)
High/Medium/Low

(only canister body
is considered)
Kilograms (only
canister body is
considered)

Material used

Potential risk to workers

Costs associated with EHS
compliance (fines, liabilities,
workers compensation, waste
treatment and disposal, remediation
Cost of materials

Kilograms of waste generated
before recycling (emissions, solid
and liquid waste)

Total and per unit
of kilogram product

Natural
environment
including
human health
Economic
performance

Workers

(these are workers who rinse the reuse canisters)
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5.5.4

Case Study 2 Result Discussions
As the above table indicates, users can save money on the cost of canisters if they choose

to use re-use type canisters; however, if they add the costs of routing de-contaminated re-use
canisters between waste handling facilities and scrubber supplier, one-time use type canisters
cost less than re-use type. Also, although using re-use type canisters tends to generate much
lower amounts of solid wastes than one-time use type canisters (because each one-time use type
canister becomes solid waste after it is used), the de-contaminating process of re-use type
canisters shift the generation of solid wastes to generation of liquid wastes. Moreover, in addition
to emptying the used adsorbents from canisters, some workers have to rinse the inside of re-use
type canisters. Thus, re-use type canisters cast extra risk to workers who have to be exposed to
contaminated canisters and water for a longer time than just emptying one-time use type
canisters. In summary, based on the available information and assumptions, the scrubber supplier
would recommend to canister users that one-time use type canisters are still a more sustainable
choice of canister than re-use type canisters for applications where arsine and phosphine gases
are involved.
Aluminum and plastic containers have been recycled and re-used for decades. But unlike
aluminum and plastic containers which usually house harmless materials, canisters used in
abatement at semiconductor industry would come in contact with harmful and possible
hazardous gases like the adsorbents they house. This contamination posts a less straight forward
question for users of these canisters to decide whether re-using the de-contaminated canisters is a
more sustainable solution than disposing the used canisters along with the used adsorbents.
To the best of my knowledge, no research comparing the one-time use and re-use
canisters of local abatement system in semiconductor industry has been published. It is mostly
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because the information of these types of abatement is not easy to obtain. Often, canister users
choose their preferred type of canisters based on recommendations from scrubber suppliers
without detailed knowledge of the economic, environmental and social impacts of the used
canisters. Instead of collecting every data from cradle to grave for each type of canister to report
their sustainability levels, the SIWM framework allows users to simplify the life cycle (system
boundary) for study. Cost of new canisters and disposal fee of used canisters are usually the
primarily factors on canister users’ mind. By proposing “want to reduce costs to dispose of
containers of used adsorbents” as an opportunity for sustainability study, and with modified lists
of sustainable indicators to compare against, e.g. the extra routing costs of de-contaminated
canisters and worker exposure to potential risks, the SIWM framework leads users to explore the
economic, environmental and social impacts of the two types of canisters simultaneously.
Although the case study analysis suggests the one-time canister is a more sustainable type
of canister over the re-use canister and this result makes this case study end at Module 4, the
comparison of the sustainability of the two types of canisters may become an opportunity for
Module 2 again when there are significant changes in the operation conditions; for example, a
small quantity of non-toxic solvents might replace water as de-contaminate agent, and or the
routing costs of de-contaminated canisters is much less, etc.
From another point of view, the comparison of the two types of canister can be viewed as
the comparison of a one-direction supply chain (one-time use canister) versus a closed-loop
supply chain (routing of re-use canister).
5.6

Summary of Case Studies
As mentioned above, the case studies presented in this chapter are examples. These cases

studies were chosen because both targets are industrial wastes from the semiconductor industry,
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which is the focus of our SIWM framework. These case studies are used to show how the
analysis part of Module 4 in the SIWM framework would be done. The same LCSP’s ISP
method is used for both case studies because this method has the appropriate number and diverse
indicators to use in these case studies. The results from these case studies only apply to the stated
conditions and assumptions. Any changes to these assumptions and conditions may change the
outcomes. For example, if microwave plasma is employed in Case Study 1 and it could increase
the utilization rate of C2F6 to same as that of NF3, project managers may ponder that it is not
worth the effort to change the chamber clean gas from C2F6 to NF3. The choice of analysis
method and the results of these case studies are not foci of this research paper. They are chosen
and put together as examples such that project managers can move on to the next module.
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CHAPTER VI
CONCLUSION
6.1

Overview
A sustainable waste management framework is proposed in this research as a systematic

approach for improving the sustainability status of waste management in the semiconductor
industry.
The proposed Sustainable Industrial Waste Management (SIWM) framework aims at
helping users to select opportunities as well as their solutions that can elevate the sustainable
production status under limited time and monetary constraints.
A framework is not meant to be a rigid protocol. Rather, a framework is a loose structure
to provide guidance and direction while allowing significant room for the user to adapt the final
program to localized needs and requirements.
The proposed SIWM framework is about process improvement and decision making
which focus on sustainability improvement on industrial wastes. The SIWM framework is built
upon other process improvement and sustainability frameworks and methods in comparing and
choosing opportunities and options for higher sustainable management of the industrial wastes.
6.2

Review
Chapter I covered the background and explains that this research intends to provide a

systematic framework for sustainable waste management in the semiconductor industry which
has not existed in current literature.
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The literature review in Chapter II explored the literature related to sustainability,
sustainable production and their methodologies and tools.
The research foundation, framework overview and research approach were covered in
Chapter III. The SIWM framework has six modules: the first module is Module Zero:
Foundation Goals and Prioritization, which SIWM framework users only need to visit once when
they first start to apply the SIWM framework to their projects or when they make modifications
to the organization level goals and guidelines. Module zero is not within the cyclic movement of
the SIWM framework. Following Deming’s Plan-Do-Study-Act cycle theory, the other five
modules of SIWM framework are inside a loop; users go from one module to the next, but they
may need to loop back to review and or make revisions before their projects can move forward.
In this research, each module covers some tasks and examples that are provided in order to guide
users towards seeking a more sustainable waste management method of a target. After Module
Zero, project managers start collecting and comparing industrial waste related opportunities and
their options.
The sources of these opportunities may come from within facilities or outside sources.
When such opportunities are proposed, project managers research whether they have the time
and resource budgets for the opportunity and consider the options and permutations for such
opportunities. Each opportunity will have its supporters and merits. Since any organization has
finite resources, project managers have to choose whether they can afford required resources in
evaluating opportunity and their options and they have to decide whether the rewards of
completing such opportunities is worth their time and resource investments. This process is
similar to the approach taken in capital budgeting when considering competing investment
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opportunities. The difference in this case is that the costs and opportunities weighed include the
environmental, health, social, and safety costs as well as financial considerations.
In Chapter IV, the tasks and examples relating to identifying and prioritizing
opportunities covered in Modules 2 and 3 are described in further detail. The tasks and examples
are suggestions which tend to make it clearer for SIWM framework users to follow the progress
of the framework. Three opportunities and their solutions suggested in this chapter are taken
from real situations: comparing scrubbers, comparing global warming gases, and comparing onetime use containers against reusable containers.
Of the three suggested opportunities only two were selected because it is believed that
covering two case studies in this research is ample. In reality, some great ideas are commonly
excluded due to limited resources.
The case studies were taken from real industrial situations where waste generators in
semiconductor facilities have raised questions: which global warming gases are more sustainable
for their applications; whether the containers of industrial wastes can be reused sustainably.
The progression of the SIWM framework is further explored via the opportunities and
their solutions in the case studies covered in Chapter V. The options from the selected
opportunities explored in Chapter IV are compared individually. The focus of Chapter V is on
the analysis task of Module 4 of the SIWM framework. The analysis portion of frameworks and
methodologies are usually the most confusing section for the framework/methodology users;
thus, the whole of Chapter V is dedicated to the analysis section. The analysis in Chapter V
shows how the comparison in Module 4 can be accomplished and not all indicators are required.
This explicit demonstration of analysis with actual semiconductor industry issues (raw materials
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usage and used canisters management) indicates that the SIWM framework is applicable for real
situations.

When comparing the options of opportunities for greater sustainability in managing
targeted wastes, SIWM framework users may find that the current policies are not as sustainable
as proposed options. In this instance, the best proposed option is adopted, and framework users
move forward to the implementation steps.
On the other hand, the SIWM framework analysis from Case Study 2 indicates that under
the stated conditions, the current application of using one-time use canisters is a more sustainable
approach than using reusable canisters when these canisters become wastes themselves. Thus, it
is recommended to the canister suppliers that for this type of applications, when highly toxic
gases like arsine and phosphine gases are involved, canister suppliers should continue providing
one-time use canisters to their end users. With respect to the SIWM framework, this one-time
use canister versus re-use canisters opportunity is completed. But in reality, this opportunity is
only taking a hibernation; when new technologies and or new regulations arise, new options may
also arise. SIWM framework users may propose this opportunity with new information in
Module 2 and let this opportunity and its options go through the framework cycle analysis in the
future.
Module 5 of the SIWM framework includes tasks to guide users in the solution
implementation step. Another consideration when evaluating opportunities requires the project
team to assess the quality of data and assumptions and weigh the uncertainty against the costs of
the transition. For example, the results of Case Study 1 in Chapter V may indicate that NF3 is a
more sustainable clean gas than the current C2F6 under the stated conditions. If the facility
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decides that it wants to make a feed gas change from C2F6 to NF3 based on the SIWM
framework results, the facility will set up schedules and allocate resources for this change and
position itself to monitor the progress and results of the change. Analysis from the SIWM
framework is based on current data and available knowledge. However, when physical changes
are implemented, the results may not come out as expected. To prevent problem shifting
upstream / downstream and creations of new problems, SIWM framework users need to monitor
the implementation and the results of the change. This monitoring is accomplished using
sustainability indicators which serve as metrics to weigh actual results against known
performance ratios.
To prevent shifting problems upstream/ downstream, the SIWM framework adopts the
cyclic model with built-in flexibility in monitoring and improving the process. Process
improvement does not stop as long as interested parties want to make improvements. Except
Module 0, the SIWM framework runs like an infinite loop. Opportunities and their solutions are
waiting to be explored. Following the kaizen principle, SIWM framework users are constantly
seeking opportunities and their solutions to make improvement in industrial waste management.
6.3

Contribution of This Research
Traditional sustainable production and sustainability studies include two tiers of

examination. The first tier is a myopic approach to analysis which consists of an accounting
analysis of immediate and readily observable inputs and outputs of the relevant processes. This
approach neglects upstream or downstream costs in the process life cycle. An example of this
approach would be comparing the fossil fuel usage of an electric car versus a traditional
gasoline-burning vehicle. This myopic approach ignores the pollutants created during the
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generation of the electricity from fossil fuels. It also ignores the environmental costs of land
filling lithium battery waste.
A more comprehensive traditional approach includes collection and processing of data on
the lifetime impacts of a product (Life Cycle Analysis). Based upon this information, participants
would seek out where they can improve the sustainability status of this product from the net
results of the product life cycle. This is a considerably more thorough approach; however, like
the previous process, it falls short in several areas which the SIWM method addresses. The first
shortcoming of these approaches is that they neglect to consider the host of other considerations
addressed in the SIWM cycle. These include regulatory issues, stakeholder goals and concerns,
social, economic, and safety concerns, management buy-in, and process monitoring,
measurement, and recalibration.
This latter step, unique to the SIWM framework, recognizes that industrial processes are
constantly changing in a dynamic world. Implementation of improvement processes may not
result in the expected benefits. New challenges may arise, execution may be poor, or
unanticipated factors may upset the execution. Thus, monitoring and measuring sustainability
indicators (metrics of performance) and adjustment (or even reversal) of changes must occur
based upon the results observed in these performance metrics. Decision making in process
improvement must act beyond collecting and reporting data. Proactive actions and dynamic
frameworks best fit the fast-paced industrial world for process improvement.
Instead of reporting the static sustainability status of a product from its birth to grave, the
SIWM framework focuses on the waste parts of the product and use the known sustainability
parameters/indicators as comparison tools to make decisions on choosing more sustainable
management methods in handling target industrial wastes. The SIWM framework does not stop
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at reporting the results of comparing the opportunities’ options. LCA and other developed
sustainability methodologies allow organizations to record and report the sustainability
performances/status of their current situations such that they can locate where they can make
sustainable improvements. Instead of waiting for the sustainable performance report then seeking
out areas to make improvements, SIWM framework users actively seek out opportunities and
options, for example from surveys and questionnaires, for sustainable improvements for their
waste management. When such opportunities and options are selected for further studies, SIWM
framework users will use modified versions of LCA and other developed sustainability methods
to compare these options for better sustainable management of their industrial wastes.
In addition to collecting, reporting and watching the product’s sustainability status in a
static and passive mode, the SIWM framework proposes a cyclic format framework to seek out
opportunities and solutions to improve the management of industrial wastes in a dynamic and
proactive way. The goal of the SIWM framework proposed in this research is to provide
guidance to decision makers seeking out opportunities and solutions and to ultimately help them
to achieve higher sustainability status in managing their industrial wastes within limited
resources.
LCA and other traditional sustainability methodologies are valuable methods for
organizations to measure the current sustainability status of organization performances, products,
and or processes. The proposed SIWM framework is not meant to be a replacement for any of
these methods. Indeed, the SIWM framework relies upon these tools as essential elements.
SIWM framework is a guidance of applications of these methods at improving the managements
of industrial wastes sustainably.
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Another contribution to the SIWM framework is the goal-oriented results approach.
Traditionally, when organizations measure their sustainability status, they usually look at their
items, products or processes from their birth (raw materials) to their grave (disposal). The SIWM
framework suggests picking the waste quantity and severity goal as targets first then apply
analyses and methodologies to reach these objectives.
Focusing upon the sustainability of semiconductor waste management through an
examination of alternative point-of-use scrubbers as was accomplished in the case studies is
something that, to the best of the author’s knowledge, has not been accomplished in the
literature. In addition, a comparison of one-time dry scrub canisters versus reusable dry-scrub
canisters has, to the best of the author’s knowledge, not been accomplished in the literature.
6.4

Extensions
This research has focused upon the semiconductor industry, specifically, industrial wastes

generated by the semiconductor industry. The suggested opportunities and their options in this
research came from the semiconductor industry and related process reactors and local abatement
scrubbers.
The SIWM framework could be applied to other industries. The SIWM framework is for
improving the sustainability of waste management – not one specific industry’s waste. Every
industry generates wastes. Wastes are the targets of the SIWM framework.
Obvious examples include the petroleum, chemical, pharmaceutical, and healthcare
industries. One interesting opportunity would include the application of the proposed SIWM
framework to consumer electronic products like smart phones. Since the introduction of smart
phones decades ago, the smart phone makers have been putting out new models of phones almost
twice a year. Smart phones have become like fashion in society; some consumers care more
311

about the popularity than the actual functionalities of their phones and they change their phones
frequently like fashion. Electronic makers tend to over-produce products. When new models of
phones come out, there may still be a lot of un-sold older phones. These un-sold older model
phones, coupled with used phones from consumers, have generated tons of used and un-used
phone waste. The disposal of smart phones can pose dangers to the environment because of their
heavy metal contents. If these smart phone makers are interested in the sustainability of their
phones, especially the disposal of phones, it is believed the SIWM framework could be valuable.
As another example, the petroleum industry uses different toxic cleaning solvents in their
processes. Interested researchers could consider using the SIWM framework to seek
opportunities and solutions related to the wastes caused by these solvents. For example, one such
opportunity is solvent separation. That is, each solvent has its dedicated set of tools: ethanol
containers, mops and clothes are separated from hexane containers, mops and clothes, etc.
Perhaps separating solvent tools would add a few trifling duties to workers’ daily tasks; however,
this opportunity might cost less for disposal and generate a lower quantity of liquid and solid
wastes because the early separation of wastes prevents limitations and expense of disposing of
complex mixed waste streams.
Another example is from the service sector. Hotels produce a significant burden on the
environment through the constant laundering of towels, sheets, etc. A thorough examination of
these processes is well within the scope of the SIWM framework.
In conclusion, the SIWM framework is designed to provide a holistic problem-solving
roadmap for the project manager interested in increasing his firm’s sustainability. It is not
designed to be a one-step-fits-all process; rather, it is designed to provide guidance on the
necessary activities, tools, and considerations required to reduce industrial waste. The SIWM
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Framework primarily serves as guidance on the cyclic nature of sustainability project
management and the requirements extending from goal setting and top level buy-in through
monitoring and adjusting of selected opportunities.
6.5

Limitations
There are two areas which are the major limitations of the SIWM framework:
1. Dynamic and proactive
SIWM framework is for decision makers who are actively seeking opportunities and

solutions and compare them in order to make improvement. This is not a framework for users
who want to measure the current sustainability status of the projects nor facility. SIWM
framework users need to start with suggestions of opportunities and these opportunities need
solutions to compare.
2. Being objective in making decisions
Like any decision tools, being objective is very hard when users apply the SIWM
framework. Since the SIWM framework uses developed methodologies in analysis to compare
opportunities and their solutions for better sustainable management of wastes and no single
methodology applies to all situations, framework users may need to rely on personal experiences
and be subjective in choosing and modifying existing analysis methodologies. Also, different
analysis methodologies may generate different outcomes. Decision makers may need to make
fewer objective decisions in order to move their project forward.
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