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PREFACE

The environmental movement is on a fast track. Just when we become somewhat com-
fortable with terms such as waste minimization and pollution prevention, new terms
such as sustainability, environmental justice, industrial ecology, and life-cycle assess-
ment are added to the Jist. The result is a lot of enthusiastic people running around using
these terms without clear definitions. The main intent of this book is to offer insight into
the term life-cycle assessment (LCA) as viewed by several prominent players in the
development and application of LCA worldwide.

The following chapters cover all facets of LCA in order to help the reader thoroughly
understand the subject. The discussions range from the full, robust LCA model (inven-
tory, impact assessment, and improvement analysis) to issues surrounding the develop-
ment of a streamlined approach. Applications in life-cycle design and ecolabeling are
presented, as well as initial attempts to include life-cycle thinking in the development
of public policy in the United States and abroad. Of course, no discussion of industrial
applications would be complete without consideration of life-cycle costing and its
importance as a factor in decision making.

Since LLCA iz as much a concept as it is a toel, it can be viewed in different ways and
through different applications. While much has been achieved in order to define life-
cycle assessment, consensus has not been reached at all levels. As you progress through
the book, yon may notice the coauthors presenting differing viewpoints. This reflects
the dynamic situation of the practice called LCA.

The goa! of this book is 10 bring perspective to the practical application of LCA to
products, processes, and activities. The chapters address how LCA is being applied by
industry and government and assess its potential as it evolves both as an environmental
tool and as an ethic, much as pollution prevention has. As with any new field that is in
the developmental stage as LCA is, some of the information presented here may be out-
dated by the time of publication. The case studies presented here are offered as exam-
ples to product manufacturers and their suppliers of how the use of LCA can lead to
beneficial results.

I encourage you to begin thinking about your operations and activities in the context
of life-cycle thinking, to achieve true reduced environmental impacts.

Mary Ann Curran
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CHAPTER 6

“LIFE-CYCLE DESIGN

Gregory A. Keoleian, Ph.D.
RESEARCH DIRECTOR
NATIONAL POLLUTION PREVENTION CENTER
ASSISTANT RESEARCH SCIENTIST
SCHOOL OF NATURAL RESOURCES AND ENVIRONMENT
UNIVERSITY OF MICHIGAN

6.1 INTRODUCTION

Design offers an excellent opportunity to reduce environmental burdens associated with
products and processes, which ultimately can lead to a more sustainable relationship
between economic and ecological systems. Guiding environment improvement and sus-
tainable development through design requires framework(s), tools, and innovation.
Decisions involving material selection, useful product life, packaging systems, manu-
facturing processes, and strategies for product service and retirement shape the envi-
ronmental profile of a product. But even if a designer were unconstrained by perfor-
mance and cost requirements, it is not obvious what an environmentally optimal design
would represent. In addition to this challenge, design participants face pressing issues
such as shortening development cycles, expanding global competitiveness, increasing
and inconsistent regulations, and continually shifting market demand. Evaluating and
improving environmental performance have become major challenges facing the design
community.

Life-cycle design is beginning to emerge as a new field for addressing this chal-
lenge.! For example, the Environmental Protection Agency (EPA) has sponsored the
development of the Life Cycle Design Framework and Demonstration Projects: Profiles
of AT&T and AlliedSignal.* The basic theory of life-cycle design is that the product life-
cycle system provides a logical framework for representing the diverse interests of mul-
tistakeholders in the development of sustainable products. The product life cycle which
encompasses raw materials acquisition, manufacturing, use and service, and end-of-life
management (e.g., remanufacturing, recycle, disposal) defines the boundaries of the
system for addressing the full environmental consequences associated with a product.

Recognition of the life-cycle framework has been driven by a variety of reasons
including public concern about municipal solid waste which represents the end of a
product life cycle, environmental marketing claims o distinguish products, and product
take-back regulations. The application of the life-cycle framework is still in its infancy.
Many organizational and operational changes in corporate environmental management

8.1



6.2 CHAPTER SIX

systems, the design process, and government policy and regulation are necessary to real-
ize the benefits of life-cycle design and related approaches.

This chapter presents the key elements of life-cycle design and examines the role of
life-cycle assessment and other tools in its application.

6.2 TERMINOLOGY

A wide assortment of terminology has been introduced in this field. The terminology,
however, is often used without a clearty defined framework, objectives, and boundaries;
hence its use may not be consistent. For example, the produet life cycle may or may not
be recognized as a system boundary. The following is a set of definitions of commonly
used terms. Many other terms have been used in this field, but they do not necessarily
represent a life-cycle approach. Such terms include environmentally conscious design,
environmentally conscious manufacturing, cleaner products, cleaner production, and

ecodesign.

Life-Cycle Assessment (LCA): A comprehensive method for evaluating the full
environmental consequences of a product system. LCA has four components: goal def-
inition and scoping, inventory analysis, impact assessment, and improvetnent analysis.
Life-cycle assessment represents the most comprehensive analytical tool for evaluating
environmental burden, but unfortunately there are several practical barriers limiting its
widespread application.?®

Life-Cycle Costing: In the environmental field, this has come to mean all costs
associated with a product system throughout its life cycle, from raw materials acquisi-
tion to disposal. Currently, life-cycle costing, also referred to as fill cost accounting or
environmental accounting, has limited practical applicability. Some environmental
costs can be difficult to measure (future liabilities) and/or allocate (externalities).
Traditionally the term is applied in military and engineering to mean estimating costs
from acquisition of a product to disposal (includes operating and maintenance costs).

Life-Cycle Design: A systems-oriented approach for designing more ecologically
and economically sustainable product systems. It couples the product development
cycle used in business with the physical life cycle of a product. Life-cycle design inte-
grates environmentzl requirements into the earliest stages of design so total impacts
caused by product systems can be reduced. In life-cycle design, environmental, perfor-
mance, cost, cultural, and legal requirements are balanced. Concepts such as concurrent
design, total quality management, cross-disciplinary teams, and multiattribute decision
making are essential elements of life-cycle design.

Design for Environment: This is another widely used term for incorporating envi-
ronmental issues into a product system design process. DFE has been defined as “a prac-
tice by which environmental considerations are integrated into product and process
engineering design procedures.”? Life-cycle design and DFE are difficult to distinguish
from each other; they are useally considered different names for the same approach.
Yet, despite their similar goals, the genesis of DFE is quite different from that of life-
cycle design. DFE evolved from the design for X (DFX) approach, where X can repre-
sent manufacturability, testability, reliability, or other downstream design considera-
tions.
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6.3 DEFINITION OF THE PRODUCT SYSTEM

6.3.1 Life-Cycle Stages

Figure 6.1 presents a general flow diagram of the product life cycle, As this figure
shows, a product life cycle is circular, beginning with resource consumption and ending
as residuals eventually accumulate in the earth and biosphere. A product life cycle can
be organized into the following stages:

s Raw material acquisition

Bulk material processing

Engineered and specialty materials production

Manufacturing and assembly

Aoquisiion

=7 | \,,...'../.i

The Earth and Bicsphere

* Fugitive and unireated residusis
* Airborne, waterbome, and solid cesiduals
wualiw-  Material, energy, and labor inputs for Process and Managoment

=% Trarier ol mewrisis betwosn for Produet, includ
oo (Dl 4 sHages 5 Fansporiation &nd

FIGURE 6.1 Life-cycle stages.
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« Use and service
« Retirement
« Disposal

Rew materials acquisition includes mining nonrenewable n_laterial and hml'vesting
piomass. These bulk materials are processed into base mat?nals by. separation and
purification steps. Examples include flour milling and convemng.bauxlte to a_lummun_l.
Some base materials are combined through physical anc! ch.emlcal means into engi-
neered and specialty materials. Examples include polymerization of ethy_lene into polx-
ethylene pellets and the production of high-strength.sleel. Base and engineered materi-
als are then manufactured through varicus fabrication steps, and parts are assembled
into the final product. .

Products sold to customers are consumed or used for one or more funcnong.
Throughout their use, products and processing equipmc_nt may be serviced to repair
defects or maintain performance. Users eventually decide to retire a product. After
relirement, a product can be reused or remanufactured. Material am:l energy can also be
recovered through recycling, composting, incineration, or pyrolysis. Materials can be
recycled into the same product many times (closed loop) or used to form other products
before eventual discard (open loop). i ) )

Some residuals generated in all stages are released directly into the environment.
Emissions from automobiles, wastewater discharges from processing fagllmes, anq oil
spills are examples of direct releases. Residuals may also u.ndergo physical, chemical,
or biological treatment. Treatment processes are usually deslgnct‘:l to reduce volume and
toxicity of waste. The remaining residuals, including those resu]upg from treatment, are
then typically disposed in landfills. The ultimate form that the residuals take depends on
how they degrade after being released into the environment. . :

The life-cycle system is complex due to its dynamic nature and its geographlc scope.
Activities within each stage of the life cycle change cominuousl_y. often :ndepcndeml.y
of change in other stages. Life-cycle stages are also widely distributed on a geographic
basis, and environmental consequences occur on global, regional, and local levels.

832 Product System Components

The product system is defined by the material, energy, and information flows fmd con-
versions associated with the life cycle of a product. This system can be ‘org_amz_ed into
three basic components in all life-cycle stages: product, process, and distribution. As
much as possible, life-cycle design seeks to integrate these components.

Product.  The product component consists of all materials constituting the ﬁpal prod-
uct, Included in this component are all the forms that these materials might take
throughout the various life-cycle stages. For example, the product component for a
wooden baseball bal consists of the tree, stumpage, and unused branches from raw mate-
tial acquisition; lumber and waste wood from milling; the bat, wood chips, and sawdust
from manufacturing; and the broken bat discarded in a municipal solid waste landfill. if
this waste is incinerated, gases, water vapor, and ash are produced. )

The product component of a complex product such as an aulomobll_e consists of a
wide range of materials and parts. These may be a lpix of primary (virgin) and sec-
ondary (recycled) materials, The materials conlained in new or used replacement parts
are also included in the product component.

Process, Processing transforms materials and energy to a varigly.of interme‘diaye and
final products. The process component includes any direct and indirect material inputs
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used in making a product. Catalysts and solvents are examples of direct process materi-
als that are not significantly incorporated into the final product. Plant and equipment are
examples of indirect material inputs for processing. Resources consumed during
research, development, testing, and product use are included in the process component.

Both the process and distribution components of the product system share the fol-
lowing subcomponents:

¢ Facility, plant, or offices

e Unit operations, process steps, or procedures (including administrative services and
office management)

¢ Equipment and tools

= Human resources (labor, managers)
¢ Direct and indirect material inputs
s Energy

In the Life Cycle Design Guidance Manual, management was considered a scparate
component. Experience gained in life-cycle design demonstration projects resulted in a
simplification of product system componenis to make it more intuitive, Management,
including the entire information network that supports decision making, occurs through-
out the process and djstribution components in all life-cycle stages. 1t is thus best con-
sidered an element of process and distribution rather than a separate component. Within
& corporation, matagement responsibilities include financial management, personnel,
purchasing, marketing, customer services, legal services, and training and education
programs. These activilies may generate a substantial environmental burden and there-
fore should not be ignored.

Distribution.  Distribution consists of packaging systems and transportation networks
used to contain, protect, and transport products and process materials. Both packaging
and transportation result in significant adverse environmental impacts. In 1990, con-
tainers and packaging accounted for 32.9 percent (64.4 million tons) of municipal solid
waste generated in the United States. Rail, trucks, ships, airplanes, and pipelines con-
stitute the major modes of transport; each consumes energy and causes envisonmental
impacts. Material transfer devices such as pumps and valves, carts and wagons, and
material handling equipment (forklifts, crib towers, etc.) are part of the distribution
component, as are storage facilities such as tanks and warehouses,

Selling a product is also considered part of distribution. This includes both whole-
sale and retail activities.

Table 6.1 presents an example of product system elements across life-cycle stages.
The distribution component is shown between connecting life-cycle stages (o indicate

that either transportation and/or packaging has been used to carry the product or process
materials.

The life-cycle framework provides a logical structure for guiding the management and
design of sustainable product systems because it systematically considers the full range
of environmental consequences associated with a product. By focusing on the entire
product system, designers and managers can prevent the shifting of impacts between
media (air, water, land) and between stages of the life cycle.



88 CHAPTER SiX
TABLE 6.1 Partial Example of Product System Elements for a Reusable Plastic Cup over Its Life
Cycle
————
Bulk
processing or .
Raw material engincered Ret:lnemenl
extraction material Manufacturing Use or disposal
G Petroleum HDPE pellets Cup Cup :".‘up or nsildua]s
Product N Stabilizers, pig- rom recycle,
! el ments incineration
R Drilling equip- Elhylene pro- Injection mold- Handling, fill- Collect,
Process meat, labor, duction, poly- ing with SPI ing, cleaning ptocess, recy-
energy menzation markings for cle, burn, or
recycling Iandfill
Pipeline and tankers Rail, barge, truck, Transport, Trucks, containers
Distribution containers wholesale,
retail, packaging

The life-cycle framework encompasses information from multiplle stakeholders
whose involvement is eritical to successful design imprqvement. The primary elements
of the framework are goals, life-cycle management, and life-cycle development process.

8.4.1 Life-Cycle Design Goals

The fundamental goal of life-cycle design is to promote sust‘ainable development at the
global, regional, and local levels. Specifically, life-cycle design seeks to Feduce th'e total
environmental burden associated with product development by applying sustainable
principles to the product system,

Achieve Sustainable Development. Sustainable development secks to meet the needs
of the present generation without compromising the ability of future generations to fpl-
fill their needs. Translation of this broad goal to practical tools for design is a major
challenge. The following general principles for achieving sustainable_dpv?lopmenl,
however, can be defined: sustainable resource use (conserve resources, minimize deple-
tion of nonrenewable resources, use sustainable practices for managing rer_lewable
resources), pollution prevention, maintenance of ccosystem structure aI?d function, and
environmental equity. These principles, described in Table 6.2, are interrelated and
highly complementary. ' =

Life-cycle design seeks to minimize adverse environmental impacts and u_tlllze
resources efficiently to meet basic societal needs. Determination of what constitutes
basic societal needs is based on individual value judgments and preferences, which is a
topic outside the scope of this chapter. Achieving sustainable dcvclopmg_-,nt goals, how-
ever, requires design innovation and in some cases forgoing the production of products
that contribute large environmental burdens.

Specific Environmental Goal of Life-Cycle Design.  The environmental goa'l of life-
cycle design is to maximize resource efficiency and minimize the aggregate life-cycle
environmentat burden associated with product systems. Environmental burden can be
classified into the following impact categories:
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TABLE 6.2 Principles of Sustainable Development

Promote Sustainable Resource Use and Efficiency

¢ Conserve resources, minimize depletion of nonrenewable resources, and use sustainable
practices for managing renewable resources.

* The amount and availability of resources are ultimately determined by geologicai and energy
constraints, not human ingenuity.

Promote Pollution Prevention

* Proactive approech besed on source reduction avoids the transfer of pollutants across media
{air, water, land).

* Addressing environmental issues in the design stage is one of the most effective approaches
to pollution prevention.

Protect Ecological and Himan Health

o Healthy, functioning ecosystems are essential for the planet’s life support system.

® Avoiding irreversible damage to the ecosystem soch as loss of biodiversity is necessary to
protect human health.

Promaie Environmental Equity

* Address the distribution of resources and environmental risks.

* Intergenerational equity—meet current needs of society without compromising the ability of
future generations to satjsfy their needs.

¢ Intersocietal equity—change patierns of resource consumption and associated environmen-
tal risks within developed and less developed countries to achieve sustainable development
and to address the disparity among socioeconomic groups within a country.

¢ Resource depletion
* Ecological and human health

These impacts are the result of resource use and environmental releases to air, water,
and land. Conceptually, an environmental profile can be developed that characterizes

the aggregate impacts for each life-cycle stage and the cumulative impacts for the entire
life cycle.

ENVIRONMENTAL BURDEN

Environmental burdens are not distributed evenly over the product life cycle. For example, the
major environmental burdens associated with automabiles are caused by the consumption of
petroleum and resulting air pollutant emissions during vse. By contrast, environmental burdens
resulting from furniture use are minimal. but significant impacts occur from manufacture and
disposal of these products.

Although there are no universal methods for precisely characterizing and aggregat-
ing environmental burdens, Fig. 6.2 shows a hypothetical example of an environmental
profile. As illustrated. impacts are generally not uniformty distributed across the life
cycle. This figure also shows how burdens in all life-cycle stages are aggregated o
arrive at the full environmental consequences of a product system. It is important to rec-
ognize that human communities and ecosystems are also impacted by many product life-

cycle systems at once.
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Cumulative
Environmental

Burden

Component
Contribution

Environmental Burden

Raw Materlals  Manufacture Use & Disposa!
Material Processing Service
Acquisition

FIGURE 6.2 Environmeniat burden in hypothetical units of a product system.

6.5 LIFE-CYCLE MANAGEMENT

Life-cycle management includes all decisions and actions taken by mu}liple stakehold-
ers which ultimately determine the environmental profile and sustainability of the ptroq-
uct system, Each stakeholder has an important role in guiding improvement, as lm‘l.l-
cated in the following box. A major challenge for product manufacturers lies in
coordinating the diverse interests of these stakeholder groups.

ROLES FOR KEY STAKEHOLDERS IN LIFE-CYCLE MANAGEMENT

Users and Public ’
s Advance understanding and values through education
o Modify behavior and demand toward more sustainable lifestyies

Policymakers and Regulators

» Develop policies to promote sustainable economies and ecological systems
¢ Apply new regulatory instruments or modify existing regulations

s Apply new economic instruments or modify existing ones

Suppliers, Manufacturers, End-of-Life Managers

* Research and develop more sustainable technologies

= Design cleaner products and processes

¢ Produce sustainable products

s |mprove the effectiveness of environmental management systems

Investors and Shareholders
¢ Support cleaner product system development

Service Indusiry
¢ Mainain and repair preducts

Insurance Industry
* Assess risk and cover losses
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A range of internal and external factors influence the product development team’s
ability to effectively address environmental considerations through design. These fac-
tors form the context for the design process.

8.5.1 Internal Elements

Environmental stewardship issues are increasingly addressed within corporations by for-
mal environmental management systems.’® Ideally, the environmental management sys-
tem is interwoven within the corporate structure and not treated as a separate function.®

An integral relationship between a company’s design management structure and its
environmental management system is essential for implementing life-cycle design.
Successful life-cycle design projects require commitment from all employees and all
levels of management. A corporation’s environmental management system supporis
environmental improvement through a number of key components including its envi-
ronmental policy and goals, performance measures, and strategic plan. This system
must also provide access to accurate information about environniental impacts. An
effective environmental information system is critical to guiding the design process in
the direction of environmental improvement. Three main attributes of a well-designed
environmental management system are vision, organization, and continuous improve-
ment.® Figure 6.3 summarizes these issues,

/_\

Continuous Improvement
* Parformance Measures
* Reward & Recognition

* Audits, Monitoring & Reporting
* Research and Davelopment
* Training and Education

Vision

* Mission
* Environmental Policy
* Strategic Planning
* Core Competency

Organization

+ Planning

* Organizational Design
= Concurrent Design

+ Information Management
Systems

FIGURE 6.3 Internal elements of life-cycle management.

Figure 6.4 depicts the various members of the design team that could participate in
product development and graphically shows how the cross-functional team translates
the interests and needs of exiernal stakeholders to product system requirements. The
product system links these diverse groups.

6.5.2 External Factors

External factors that strongly influence life-cycle design, but may be beyond the firm's
immediate control, include government regulations and policy, infrastructure, and mar-
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External Stakeholders Interasts
Extornat = Customers - meet significant needs
stakeholders « Suppllers - steady demand for supplier products
and Exemples of = Service industry - mase of maintenance and service; steady demand
Thelr Interests « Erd-Of-Life Managers - gase of recovery and disposal operations

+ Public ~ clean environment

* jnvastors to - profit

« Regulators - protect human and ecological welfare

« Insurers — minimize liabilities
Interaction between intemal &
external stakeholders L ]

+Enwlronmentsl  + Engineering +Purchasing +Legal - Marketing

Health, & Safety  + Research & * Accounting * Sales
Crose-Functional » Quality Control Developmeant * Sarvice
Toam + Production s Product & Industrial
Workers Designrers
= Managament ¢+ Quality Assuranca
& Quality Control

Spacification
Product System
Design Environmental Performance Cost Legal  Cultural
Requiremants

FIGURE 6.4 Cross-functicnal design team develops product system requirements.

ket demand, which depends on the state of the economy, state of the environment, sci-
entific understanding of environmental risks, and public perception of these risks.

8.6 LIFE-CYCLE DEVELOPMENT PROCESS

The life-cycle development process, which occurs in the context of sustainable devel-
opment and life-cycle management, is shown in Fig. 6.5. The development process
varies widely depending on the type of product and company, the design management
organization within a company, and many other factors, In general, however, most
development processes begin with a needs analysis and then proceed through formulat-
ing requirements, employing various strategies, and performing evaluations of alterna-
tive designs. A design solution is then implemented, resulting in various environmental
cansequences. A simplified diagram of the development process is shown in Fig. 6.5.

During the needs analysis or initiation phase, the purpose and scope of the project
are defined, and customer needs are clearly identified. Needs are then expanded into a
full set of design criteria including environmental requirements. Various strategies that
act as & lens for focusing knowledge and new ideas onto a feasible solution are then
explored to meet these requirements. The development team continuously evaluates
altematives throughout the design process. Environmental analysis tools ranging from
single environmental metrics to comprehensive life-cycle assessments (LCAs) may be
used in addition to other analytical tools.

The development process is best characterized by an iterative process rather than a
linear sequence of activities. 1deas, requirements, and solutions are continuously modi-
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Sustainable
Davelopment

Life Cycle Mansgement

Design Strategies
« Product systam
life extansion
"®| - Matarial-orianted
* Process-orlented
* Information/
Management related

L 4

Neeods Analysls
* Significant needs
* Scope & purpose
+ Baseline/Benchmark

L )

Requirements
* Mat(ices
= Checkligts

8N

¥ 1

Design Solution
+ Estimated environ-

Evaluation

* Analysis tools
= snvironmental
~ performsance
- cost

mental profile

| t

Implementation: the
Product System
* Supply
1 *Production =
* Use
+ End of life management

y

Conseq
* Saclal welfare
< * Resource depletion
Fesdback of environmental » Ecosystern and
burden information for human health
dasign improvament

FIGURE 6.5 Life-cycle development process.

fied and refined until the detailed design is fixed or, in some instances, until the project
is tetminated or abandoned. Successful designs must ultimately balance environmental,
performance, cost, cultural, and legal requirements.

Implementation of the design solution requires inputs of material and energy
throughout all life-cycle stages and results in outputs of products, coproducts, and
waste. Environmental consequences of these inputs and outputs include positive and
negative social welfare effects, resource depletion, and ecological and human health
effects. The actual efivironmental burden resulling from design implementation then
feeds back into the process to guide future design improvements.

Product development is a dynamic, extremely complex process. Each step from
needs analysis through implementation undergoes continuous change. Figure 6.5 shows
the iterative nature and feedback mechanisms of the development process which
includes multiple sequences of analysis, synthesis, and evaluation.



892 CHAPTER SIX

6.7 NEEDS ANALYSIS AND PROJECT INITIATION

Life-cycle development projects should focus on filling significant customer and soci-
etal needs in a sustainable manner. Unless life-cycle principles such as sustainable
development shape the needs analysis, design projects may not create cleaner products.
LCA can be used to identify cleaner substitutes and alert product managers to begin to
phase cut products of higher environmental burden.

Defining the system boundaries is necessary for both life-cycle design and LCA.
Both begin with a clear definition of the need being addressed by the product system.
Whencver possible, it is useful to express this “need” in terms of a functional unit which
can serve as a basis for comparison of alternative designs. The basis for analysis should
be equivalent use, defined as the delivery of equal amounts of product or service. It is
useful to define a functional wnit of the product whenever possible, but it is often diffi-
cult to express performance in a single measure. The functional unit, e.g., volume of
beverage delivered (beverage containers), or surface area protected (paint), serves as a
basis for comparative analysis of product or design alternatives. Incorporating primary
functional attributes into a single parameter can be arbitrary and demonstrates the multi-
goal nature of design.

6.7.1 Define Project Scope and Purpose

The type of environmental assessment tools and design strategies explored in 2 design
project will depend on the nature of the product system and the timeline and resources
available. Conducting a comprehensive LCA of an entire automobile with over 25,000
parts is not feasible at this time, so the scope of initial activities must be limited. For
example, life-cycle inventories have been conducted on alternative materials for a sin-
gle component of the vehicle.

Practitioners of life-cycle design must also decide whether the project will address a
current or future design. In addition, the life-cycle framework can be employed in strate-
gic planning or in the conceptual design phase rather than in detailed design.

8.7.2 Set System Boundaries

Determine which stages of the product life cycle the design team will emphasize and
what spatial and temporal scales will be used.

In choosing an appropriate system boundary, the development team should initially
consider the full life cycle from raw material acquisition to the ultimate fate of residu-
als. More restricted system boundaries may be justified by the development team.
Beginning with the most comprehensive system, design and analysis can focus on the

» Full life cycle

¢ Partial life cycle

¢« Individual stages or activities

Choice of the full life-cycle system will provide the greatest opportunities for overall
adverse-impact reduction.

; !n some cases, the development tearn may confine analysis to & partial life cycle con-
sisting of several stages or even a single stage. Stages can be omitted if they are static
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or not affected by a new design. As long as designers working on a more limited scale
are aware of potential upstream and downstream impacts, environmental goals can still
be reached. Bven so, a more restricted scope will reduce possibilitics for design
improvement.

After life-cycle endpoints are chosen, the project team should define how analysis
will proceed. Depth of analysis determines how far back indirect inputs and outputs will
be traced. Materials, energy, and labor are generally traced in a first-level analysis. A
second-level analysis accounts for facilities and equipment needed to produce items on
the first level.,

Spatial and temporal boundaries must also be determined prior to system evaluation.
The time frame ot conditions under which data were gathered should be clearly identi-
fied. Often performance of industrial systems varies over time; therefore, worst- and
best-case scenarios should be used whenever possible. in regard to spatial conditions,
the design team must recognize that the same activity may have quite different impacts
in different places. For example, consumptive water use in arid regions has a greater
resource depletion impact than in areas where water is abundant.

6.7.3 Evaluate Baseline and Benchmark Competitors

Baseline and benchmark activities assist practitioners of life-cycle design in developing
environmentalty conscious designs of new or existing products and processes. The pur-
pose of evaluating the baseline condition of manufacture, use or service, and end-of-life
management is to gain an understanding of the environmental profile of an existing
product system. Baseline analysis of existing products may indicate opportunities for
improving a product system’s environmental performance.'®!! Baseline analysis may
consist of a life-cycle inventory analysis, audit team reports, or monitoring and report-
ing data. Benchmarking activities are designed to ascertain information that facilitates
comparisons with other products that fulfill similar customer needs. While companies
and trade publications have programs to compare product performance and cost against
those of their competitors, environmental criteria are generally more difficult to bench-
mark due to lack of information, insufficient scientific understanding, and limited avail -
ability of resources.

6.7.4 Identify Opportunities and Vulnerabilities

The objective of this phase of the life-cycle design development process is to state
explicitly the current and future design goals. Current and future design goals must
reflect a company’s strategic direction including its corporate goals, consumer market,
competitive strategy, and image, among other fundamental business criteria. The results
of the design team’s baseline analysis and benchmarking activities can serve as a basis
for developing short- and long-term goal horizons.

Dow Chemical Company has developed a mairix tool for assessing environmental
opportunities and vulnerabilities across the major life-cycle stages of the product sys-
tem. Opportunities and vulnerabilities are assessed for core environmental issues,
including safety, human health, residual substances. ozone depletion, air quality, cli-
mate change, resource depletion, soil contamination, waste accumulation, and water
contamination. Corporate resource commitments may then be changed to more closely
match the assessed opportunities and vulnerabilities.
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68 PRODUCT SYSTEM REQUIREMENTS

Formulating requitements may well be the most critical phase of design."
Requirements define the expected outcome and thus are crucial for translating needs and
environmental goals to an effective design solution. Design usually proceeds more effi-
ciently when the solution is clearly bounded by well-considered requirements. In later
phascs of design, alternatives are evaluated on how well they meet requiremems.

Incorporating environmental requirements into the earliest stage of design can
reduce the need for later cosrective action. Poilution conirol, liability, and remedial
action costs can be greatly reduced by developing environmental requirements that
address the full life cycle at the outset of a project. Life-cycle design also seeks to inte-
grate environmental requirements with traditional performance, cost, cultural, and legal
requirements. All requirements must be properly balanced in a successful product. An
environmentally preferable product that fails in the marketplace benefits no one.

Regardless of the project’s nature, the expected design outcome should not be overly
restrictive, nor should it be too broad. Requirements defined too narrowly eliminate
potentially atiractive designs from the solution space. But vague requirements (such as
those arising from corporate environmental policies that are too broad to provide spe-
cific guidance) lead to misunderstandings between potential customers and designers
while making the search process inefficient.

The majority (approximately 70 percent) of product system costs are fixed in the
design stage. Activities through the requirements phase typically account for 10 to 15
percent of total product development costs, yet decisions made at this point can deter-
mine 50 to 70 percent of costs for the entire project.'*!

Requirements matrices, design checklists, and other methods are available to assis
the design team in establishing requirements. Requirements can also be established by
formal procedures such as the “house of quality” approach.

6.8.1 Design Checklists

Checklists arc usually a series of questions formulated to help designers be systematic
and thorough when addressing design topics. Environmental design checklists that
eccommodate quantitative, qualitative, and inferential information in different design
stages have been offered for consideration. As an example, AT&T developed propri-
etary checklists for DFE that are similar to the familiar design for manufacturability
(DFM) checklists. In the AT&T model, a toxic substance inventory checklist is used to
identify whether a product contains a select group of loxic metals.

The Canadian Standards Association is currently developing a DFE standard which
includes checklists of critical environmental core principles. A series of yes/no ques-
tions are being proposed for each major life-cycle stage (raw malerials acquisition, man-
ufacturing, use, and waste management).

Checklists are not difficult to use, but they must be compiled carefuily so that they
do not place excessive demands on designers’ time. Generic checklists can also inter-
fere with creativity if designers rely on them exclusively to address environmental
issues, thereby failing to focus on the issues most important to the specific project.

6.8.2 Requirements Matrices

Matrices allow product development teams to study the interactions between life-cycle
requirements. Figure 6.6 shows a multilayer matrix for developing requirements. The

] R
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FIGURE 6.6 Conceptual multitayer matrix for developing requirements.

matrix for each type of requirement contains columns that represent life-cycle stages.
Rows are formed by the product system components described under “Performance
Requirements™—product, process, and distribution, Each row can be subdivided into
inputs and outputs. Elements can then be described and tracked in as much detail as nec-
essary. Table 6.3 shows how each row in the environmental matrix can be expanded to

provide more details for developing requirements.

TABLE 8.3 Example of Subdivided Rows for Environmental Requirements Matrix

Product Process Distribution
Inputs
Materials & Content of final e Direct: process materi-  » Packaging
product als * Transportation
¢ Indirect: Direct {e.g., 0il and
First level (equipment brake fluid)
and facilities, office Indirect (e.g., vehicles
supplies) and garages)
Second level {capital ¢ Office supplies
and resources 1o pro- ¢ Equipment and facilities
duce first level)
Energy + Embodied * Process energy (direct ¢ Embodied in packaging
energy and indirect) ¢ Consumed by trans-
portation [Btu/(tonemi}]
s Consumed as power for
administrative services,
etc.
Human resources + Labor (workers, tman- ¢ Labor (workers, man-
agers) agers)
& Users, consumers
Quiputs ¢ Products e Residuals ¢ Residuals
¢ Coproducts ¢ Generated energy
* Residuals
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The requirements matrices in Fig. 6.6 are strictly conceptual. Practical matrices can
be formed for each class of requirements by further subdividing the rows and celumns
of the conceptual matrix. For example, the manufacturing stage could be subdivided
into suppliers and the original equipment manufacturer. The distribution component of
this stage might also include receiving, shipping, and wholesale activities. Retail sale of
the final product might best fit in the distribution component of the use phase.

There are no absolute rules for organizing matrices. Information may be classified
according to quantitative/qualitative, present/future, and must/want requirements.
Development teams should choose a format that is appropriate for their project. The sec-
tion entitled “AT&T Life-Cycle Design Project” describes the application of require-
ments mairices for a business telephone.

Following is a discussion of the environmental, performance, cost, legal, and cultural
requirements that constitute the matrices.

Envirenmental Requirements, Environmental requirements should be developed to
minimize:

« The use of natural resources (particutarly nonrenewables)

+ Energy consumption

+ Waste generation

¢ Health and safety risks

» Ecological degradation

By transtating these goals to clear functions, environmental requirements help iden-
tify and constrain environmental impacts and health risks.

Table 6.4 lists issues that can help development teams define environmental require-
ments. This book cannot provide detailed guidance on environmental requirements for
each business or industry. Although the lists in Table 6.4 are not complete, they intro-
duce many important topics. Depending on the project, teams may express these
requirements quantitatively or qualitatively. For example, it might be useful to state a
requirement that limits solid waste generation for the entire preduct life cycle to a spe-
cific weight.

In addition to criteria uncovered through needs analysis or benchmarking, govern-
ment policies can be used to set requirements. For example, the Integrated Solid Waste
Management Plan developed by the EPA in 1989 targeted municipal solid waste dis-
posal for a 25 percent reduction by 1995.° Other initiatives, such as the EPA’s 33/50
program, are aimed at reducing toxic emissions. It may benefit companies to develop
requirements that match the goals of these voluntary programs.

It may also be wise to set environmental requirerments that exceed current govern-
ment regulations. These requirements may have been identified during the investigation
of opportunities and vulnerabilities early on in the needs analysis and project initiation
phase of the design project. At this stage in the design process, goals are translated to
specific requirements. Designs based on such proactive requirements offer many bene-
fits. Major modifications dictated by regulation can be costly and time-consuming. In
addition, such changes may not be consistent with a firm's own development cycles,
“creating even more problems that could have been avoided.

Performance Requirements. Performance requirements define the functions of the
product system. Functional requirements range from size tolerances of parts to time-
and-motion specifications for equipment. Typical performance requirements for an
automobite include fuel economy, maximum driving range, acceleration and braking
capabilities, handling characteristics, passenger and storage capacity, and ability to pro-
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TABLE 6.4 Issues to Consider in the Development of Environmental Requirements
Ma_t_erial_s and energy
Impact caused by
Type Character Resource base extraction and use
Renewable Virgin Location—local vs. Material and
Nonrenewable Reused and recycled other eneIgy use
Reusable and recy- Scarcity Residuals
clable Quality Ecosystem health
Management and Human health
restoration practices
;. Residuals
Treatment and
Type Characterization Environmental fate disposal impact
Solid waste Nonhazardous—con- Containment
Air emissions stituents, amount Bioaccumulation
Waterborne Hazardous, radioac- Degradability
tive—constituents, Mobility and trans-
amount, concentra- port
tion, toxicity
) Ecological health
Ecosystem stressors Impact categories Impacts Scale
Physical Diversity System structure and Locat
Biological Sustainability, function Regional
Chemical resilience to stres- Sensilive species Global
$0T8
e Human health and safety
Population at risk Exposure routes Toxic character Accidents
Workers Inhalation, skin con- Acute effects Type and fre-
Users tact, ingestion Chronic effects quency
Community Duration and fre- Morbidity and mor- Nuisance effects

quency

lity

Noise and odors

tect passengers in a collision. Environmental requirements are closely linked to and
often constrained by performance requirements.

Performance is limited by technical factors. Practical performance limits are usually

defined by besr-available technology or best-affordable technology. Absolute limits to
performance are determined by thermodynamics or the laws of nature. Noting the tech-
nical limits on product system performance provides designers with a frame of reference
for comparison,
_ Other limits on performance must also be considered. In many cases, process design
is constrained by existing facilities and equipment. This partial constraint affects many
aspects of process performance. It can also limit product performance by restricting the
range of possible materials and features. In such cases, the success of a major design
project may depend on upgrading or investing in new technology.

Designers should be aware that customer behavior and sociat trends affect real and
perceived product performance. Innovative technology might increase performance and
reduce impacts, but possible gains can be erased by increased consumption. For exam-
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ple, automobile manufacturers doubled average fleet fuel economy over the last 20
years, yet U.S. gasoline consumption remains nearly the same because more vehicles
are being driven more miles.

Although better performance may not aiways result in environmental gain, poor per-
formarice usually produces more impacts. [nadequate products are retired quickly in favor
of more capable ones. Development programs that fail to produce products with superior
performance can therefore contribute to excess waste generation and resource use.

PERFORMANCE REQUIREMENTS LIMITING ENVIRONMENTAL
IMPROVEMENTS

« Thermodynamic limits (e.g., first and second laws of thermodynamics)
« Best-available technology
o Best-affordable technology

Cost Requirements. Mecting all performance and environmental requitements does
not ensure project success. Regardless of how environmentally responsible a product
may be, many customers will choose another if it cannot be offered at a competitive
price. In some cases, a premium can be charged for significantly superior environmen-
tal or functional performance, but such premiums are usually limited.

Modified accounting systems that better reflect environmental costs and benefits are
important to life-cycle design. With more complete accounting, many low-impact
designs may show financial advantages. Methods of life-cycle accounting that can help
companies make better decisions in developing requirements are discussed later in this
section.

Cost requirements should guide designers in adding value to the product system.
These requirements can be most useful when they include a time frame (such as total
user costs from purchase until final retirement) and clearly stated life-cycle boundaries.
Parties who will accrue these costs, such as suppliers, manufacturers, and customers,
should also be identified.

Cost requirements need to reflect market possibilities. Value can be conveyed to cus-
tomers through estimates of a product’s total cost over its expected useful life. Total
customer costs include purchase price, consumables, service, and retirement costs. By
providing an estimate of costs for the eatire product life, quality products may be judged
on more than least first cost, which addresses only the initial purchase price or financ-
ing charges. Table 6.5 lists some cost requirements over the product life cycle.

Cultural Requirements, Cultural requirements define the shape, form, color, texture,
and image that a product projects. Material selection, product finish, colors, and size are
guided by consumer preferences. In order to be successful, a product must meet cus-
tomer cultural requirements.

Decisions concerning physical attributes and style have direct environmental conse-
quences. However, because customers usually do not know about the full environmen-
tal consequences of their preferences, to creale pleasing, environmentally superior prod-
ucts is a major design challenge. Successful cultural requirements enable the design
itself to promote an awareness of how it reduces impacts.

Cultural requirements may overlap with other types of requirements. Convenience is
usually considered part of performance, but it is strongly influenced by culture. In some
cultures, convenience is elevated above many other functions. Cultural factors therefore
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TABLE 8.5 Example of General Cost Requirements over Product Life Cycle

Stakeholders )
Manufacturers Consumers
Raw materials and supplies ¢ Minimize unit cost of materials or paris
Manufacturing + Minimize unit cost of production
Waste management costs
Cost of packaging
o Administrative
Use ® Product and environmentat liability ¢ Purchase price
& Operating cost
Energy
Maintenance
Repair
Service » Minimize warranty costs
End-of-life management » Environmental liabilities ¢ Disposal cost

may determine whethet demand for perceived convenience and environmental require-
ments conflict.

Legal Requirements, Local, state, and federal environmental, health, and safety reg-
ulations are mandatory requirements. Violation of these requirements leads to fines,
revoked permits, criminal prosecution, and other penalties. Both companies and indi-
viduals within a firm can be held responsible for violating statutes. Firms may also be
Jiable for punitive damages.

Paying attention to Jegal requirements is clearly an important part of design require-
ments. Environmental professionals, health and safety staff, legal advisers, and govern-
ment regulators can identify legal issues for life-cycle design. Local, state, federal, and
intenational regulations that apply to the product system provide a framework for legal
requirernents.

Federal regulations are administered and enforced by agencies such as the
Environmental Protection Agency (EPA), Food and Drug Administration (FDA), and
the Consumer Product Safety Commission (CPSC). In addition to such federal authori-
ties, many other potitical jurisdictions enforce environmental regulations. For example,
some cities have imposed bans on certain materials and products. Regulations also vary
dramatically among countries. The take-back legislation in Germany is beginning to
draw more aitention to end-of-life issues in product design.

Whenever possible, legal requirements should take into consideration the implica-
tions of pending and proposed regulations that are likely to be enacted. Such forward
thinking can prevent cosily problems during manufacture or use while providing a com-
petitive advantage.

LEGAL AND QUASI-LEGAL REQUIREMENTS

o International regulations

¢ National regulations (U.S.)
o State

o Local (municipalities)

¢ Voluntary standards
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Assigning Requirements Priority. Ranking and weighting design requirements help
to distinguish between critical and merely desirable requirements. After requirements
are assigned a weighted value, they should be ranked and separated into several groups.
An example of a useful classification scheme (after Ref. 12) follows:

o Must requirements are conditions that designs have to meet. No design is acceplable
unless it satisfies all these must requirements.

o Want requirements are less important, but are still desirable traits. Want requirements
help designers seek the best solution, not just the first alternative that satisfies manda-
tory conditions, These criteria play a critical role in customer acceptance and per-
ceplions of quality.

o Ancillary functions are low-ranked in terms of relative importance. They are rele-
gated to a wish list, Designers should be aware that such desires exist, but ancillary
functions can be expressed in design only when they do not compromise more criti-
cal functions. Customers or clients should not expect designs to reflect many ancil-
lary requirements.

Once the must requirements are set, want and ancillary requirements can be assigned
priority. There are no simple rules for weighting requirements. Assigning priority to
requirements is always a difficult task, because different classes of requirements are
siated and measured in different units. Judgments based on the values and experience of
the design team must be used to arrive at priorities.

The process of making tradeoffs between types of requirements is familiar to every
designer. Asking, How important is this function to the design? or What is this function
worth (to society, customers, suppliers, etc.)? is a necessary exercise in every success-
ful development project.

Organizing Requirements. Various approaches can be taken to organize require-
ments. The must versus want distinction can be a useful guide. Table 6.6 provides some
sdditional methods for organizing the requirements in each component of the matrix.

Resolving Conflicts. Development teams can expect conflicts between requirements.
I conflicts between must requirements cannot be resolved, there is no selution space for
design. When a solution space exists but is so restricted that little choice is possible, the
must requirements may have been defined too narrowly. The absence of conflicts usu-
ally indicates that requirements are defined too loosely. This produces cavernous solu-
tion spaces in which virtually any alternative seems desirable. Under such conditions,
there is no practical method of choosing the best design.

In all these cases, design teams need to redefine or assign new priorities to require-
ments. If careful study still reveals no solution space or a very restricted one, the pro-

YABLE 8.6 Organizing Frames for Requirements

Must Compliance with existing environmental laws

Want Beyond compliance :

Qualitative Reduce the use of toxic constituents

Quantitative Specify a 25 percent reduction in use of lead

Present Current regulations

Future Future regulations (promulgated phaseout of CFC or take-back legistation)
General criteria Component recyclable

Environmental metric Energy efficiency and energy used per unit of operation
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ject should be abandoned. It is also risky to proceed with overly broad requirements.
Only projects with practical, well-considered requirements should be pursued.
Successful requirements usually ensue from resolving conflicts and developing new pri-
orities that more accurately reflect customer needs.

AT&T Life-Cycle Design Project. The matrix method of formulating requirements
was recently applied to designing a business telephone in a demonstration project con-
ducted between the authors and AT&T.'* Radical departures from previous designs
were not deemed feasible for this next-generation product. Given this and other con-
straints, the project concentrated on a partial, consolidated life cycle consisting of man-
ufacturing, use, and end-of-life management stages. Examples of some environmental
and legal must and want design requirements formulated by the project team are listed
in Tables 6.7 and 6.8. These matrices resulted from seven “green product realization™
team meetings attended by representatives from product line management, marketing,
research design, product engineering, and environmental health and safety engineering,
Tables 6.7 and 6.8 contain some examples of the critical requirements relevant to this
particular design and certain considerations for the future.

The environmental requirements in Table 6.7 contain both elements defined in terms
of results and elements specifying how a desired result is to be achieved. Results-ori-
ented requirements address quantitative corporate goals for reducing CFC emissions,
toxic air emissions, process wastes, and paper consumption as well as increasing the use
of recycled paper. Other requirements specify mechanisms to facilitate parts and com-
ponents reuse and material recycling, especially of plastic housings.

Local, state, federal, and international regulations and standards provide a frame-
work for the legal requirements outlined in Table 6.8. Legal requirements relevant to
this design range from EPA regulations, FTC guidelines, and Germany's packaging
ordinance to International Standards Organization (ISO) marking codes for plastics and
Underwriters Laboratories (UL) requirements. Such diversity in legal requirements for
widely sold products can be a barrier to realizing environmental improvements.

As an example of the conflicts that arise between requirements, one environmental
want requirement for this project states that recycled materials must be used for new
products. However, a legal must requirement calls for housings of telephone equipment
to comply with UL specification UL 746, Standard for Polymeric Materials—
Fabricated Parts. Recycled resins that meet the material testing and certification proce-
dures required for this standard are not now available, from either internal recycling
programs or commercial vendors. Even if this conflict did not exist, use of recycled
materials for housings might still be impeded by other types of want requirements. To
be marketable, a desktop product must alse comply with perceived cultural require-
ments for flawless surface quality and perfectly matched colors. These attributes may
not be possible to achieve with recycled materials because they have experienced addi-
tional heat cycles and typically contain at least trace amounts of contaminants.

6.9 DESIGN STRATEGIES AND SOLUTION

6.9.1 Design Strategles

Selecting and synthesizing design strategies for meeting the full spectrum of require-
ments are a major challenge of life-cycle design. Presented by themselves, strategies
may seem Lo define the goals of a design project. Although it may be tempting to pur-
sue an intriguing strategy for reducing environmental impacts at the outset of a project,
deciding on a course of action before the destination is known can be an invitation to
disaster. Strategies flow from requirements, not the reverse.
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TABLE 6.7 Environmental Requirements for Business Phone?

P ———

Product : :
Manufacture Use or service End-of-life management

Materials should be recyclable Reuse parts
on-stle Standardize paris to facilitate

ing plastics - retnanufacture
t;l':“si ::rrlenugsgscmp B Product components recyclable

Use recyclable materials {after consurmer usg)

Choose ozone depleting sub- Open-loop recycling into fiber
stance (ODS)-free compo- cables, spools, and reels
nents Basy to disassemble: no rivets,

Eliminate the use of toxic mate- glues, ultrasonic welding, and
rials (¢.g.. lead) minimal use of composites

Minimize defective products Components easy to sort by

marking and minimal use of
materials
Process

Minimize process wastes includ-  Energy-efficient operation Service or reconditioning opera-
ing air emissions, liquid efflu- {operates on line power only) tions should minimize use of
eats, end hazardous and non- solvents
hazerdous solid wastes

Minimize resource consumption

Minimize power consumption

Meet corporate environmental
goals (list five goals)

Use greener R&D processes:
engineering research center
{ERC) developing environ-
menial technology

Detign guidelines, checklists,
other DFE initiatives

Green index

Purchasing records to monitor
0Ds

Supplicrs encouraged to discon-
tinue use of ODS in parts
manufacturing

Distribution

Minimize supplier packaging Minimize product packaging Recyclable packaging
Nonhazardous Use electronic packaging

Packaging containing recycled guidelines
material {postconsumer con- Nonhazardous
tent specified) Optimize number of phones per

Revsable trays for parts in fac- package
toey Specify packaging containing

recycled material (postcon-
sumer content specified)
Use recycled paper for manual

{list environmental features)
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TABLE 6.8 Legal Requirements for Business Phone?
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Product

Manufacture

Use or service

End-of-fife management

U.S. reguiations and product
safety standards

Clean Air Act Amendments:

CFC labeling requirement
(Apr. 15, 1993}
Underwriter Laboratories

UL 746D fabricated parts:

use of regrind and recy-
cled materials
Green Seal
Foreign regulations and prod-
uct safety standards
Blue Angel and other relevant
standards

Underwriter Laberatories
UL 1459-product safety
UL 94-ftammability test
(must meet UL94-HB at
minimum)

FCC reguirements

Limits on polybrominated fire
retardants (EC)

Canadian Safety Specifications
CSAC22.2

European Safety
Specifications
EN 60 950 (1EC950; safety,
network capability, EMC,
susceptibility)
EN 41003
EN 71 (lead pigments and
stabilizers in plastic parts)

Product should meet applicable
statutory requirements
Product should not contain
hazardous matetials under
RCRA
Pigments and other plastic
additives should not contain
heavy metals

Electronic Waste Ordinance
(Germany, Jan. 1, 1994) and
Packaging Ordinance

UL flammability test: approval
of recycled resins difficult

Previous flame retardant banned
in Eurcpe which prohibits
recycling of old terminals

Clean Air Act
Clean Water Act
CERCLA (SARA-313)
RCRA

labeling

Easy to disassemble

Sherman Anti-Trust Act respon-

sible for developing market
for remanufactured phones

EPCRA Recycled content
OSHA ISC marking codes for plastics
1SO marking codes for plastics
: Distribution ]
DOT (transportation of haz- Specific claims on packaging

ardous matertals)

Green Dot program

General strategies for fulfilling environmental requirements are shown in Table 6.9,
An explanation of each strategy is given in the Life Cycle Design Guidance Manua! pub-
lished by the EPA. Most of these strategics reach across product system boundaries; life
extension, e.g., can be applied to various elements in all three product system components.

In most cases, a single strategy will not be best for meeting all environmental
requirements. Recycling illustrates this point. Many designers, policymakers, and con-
sumers believe recycling is the best solution for a wide range of environmental prob-
lems. Even though recycling can conserve virgin materials and divert discarded mater-
ial from landfiils, it also causes other impacts and thus may not always be the best way
to minimize waste and conserve resources.

Single strategies arc unlikely to improve environmental performance in ali life-cycle
stages; they are even less likely to satisfy the full set of cost, legal, performance, and
cultural requirements. In most cases, successful development teams adopt a range of
strategies to meet design requirements. As an example, design responses to an initiative
such as extended producer responsibility'®!" are likely to include waste reduction,
reuse, recycling, and aspecis of product life extension.
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TABLE 6.9 Summary of Design Strategies

General categories Specific strategies

Product life extension o Extend useful life
® Increase durability
* Ensure adaptability
¢ Increase reliability
¢ Expand service options
¢ Simplify maintenance
* Facilitate repairability
e Enable remanufacture of products
® Accommodate reuse of product

Material life extension ¢ Develop recycling infrastructure
¢ Examine recycling pathways
¢ Use recyclable materials

Material selection o Use substitute materials

¢ Pevise reformulations
Reduced material intensiveness » Conserve resources
Process management * Substitute better processes

+ Increase process energy efficiency

* Increase process material efficiency

* Improve process control

* Improve process layout

+ Control inventory and material handling
+ Plan facilities to reduce impacts

¢ Ensure proper treatment and disposal

Efficient distribution & Oplimize transporiation systems
® Reduce packaging
* Use altemative packaging materials

Improved managemeni praclices ¢ Use office matertals and equipment efficiently
o Phase out high-impact products
* Choose environmentally responsible suppliers or
comiracloers
* Encourage ecolabeling and advertise environmental
claims

Appropriate strategies need to satisfy the entire set of design requirements, as shown
in Fig. 6.6, thus promoting integration of environmental requirements into design. For
example, essential product performance must be preserved when design teams choose a
strategy for reducing environmental impacts. If performance is so degraded that the
product fails in the marketplace, then the benefits of environmentally responsible design
are only illusory.

AT&T Life-Cycle Design Project. The AT&T life-cycle design demonstration project
also offers a practical example of applying several environmental strategies to satisfy
requirements. Only a few strategies pertaining to a single product component, the hous-
ing, will be discussed here. Environmental requirements for the manufacturing stage
state that material for the housing must be recycled and recyclable, with toxics elimi-
nated and waste reduced. End-of-life requirements state that the housing must be
reusable or at least recyclable.
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Material recyclability and toxics reduction during manufacturing were achieved by
wsing a thermoplastic resin with good recyclability (ABS, or acrylonitrile butadiene
styrene) that contained no stabilizers or colors formulated with heavy metals. The cho-
sen resin also does not rely on polybrominated fire retardants, which are the subject of
proposed bans in Europe. Manufacturing scrap was reduced by specifying a textured
housing, A textured surface for external plastic parts, such as the housing, hides minor
molding flaws better than a high-gloss, smooth surface, thus increasing molding yield
and reducing waste from this process.

Other features were intended to ensure that at end of life, the housing can be turned
into an uncontaminated and readily recyclable or reusable material by means of low-
cost automatic processes. The design accomplished this by avoiding glue joints and
incorporation of foreign material such as metat inserts, paints, and stick-on labels which
cannot be practically separated from the base polymer.

In addition, AT&T has a network of reclamation and service centers which receives
both teased telephones and trade-ins for new purchases. Depending on their condition,
either the phones are refurbished and sold or leased again, or they are scrapped and recy-
cled. Because the centers can return still-serviceable phones to another tour of duty as
well as properly recycle those beyond repair, the company controls aspects of product
and material life extension, Designs focusing on these strategies thus benefit the com-
pany and are easier to implement.

6.9.2 Design Solution

Needs analysis and requirements specification provide the ideas, objectives, and criteria
that eventually define the design solution space, which then shapes the development
process from the conceptual design phase through detailed design. The solution space is the
intersection of all potential design solutions that meet each of the criteria specified, includ-
ing environmental, performance, cost, legal, and cultural criteria. Figure 6.7 illustrates this
point graphically. The space in the diagram where all criteria overlap is the solution space.
Strategies for satisfying design criterta are implemented after the solution space is known.
At this point in development, designers select and synthesize strategies, keeping in mind
concerns outlined in Table 6.9, that fulfill multicriteria design requirements.

Solution Space

FIGURE 6.7 Design solution space.
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TABLE 6.10 Difficulties and Limitations of the Current LCA Methodology*

Goal definition and scoping Costs to conduct an LCA may be prohibitive to small firms:
time required to conduct LCA may exceed product develop
ment constraints especially for short development cycles; tem-
poral and spatial dimensions of a dynamic preduct system are
difficult to address: definition of functional units for compari-
son of design alternatives can be problematic; atlocation meth-
ods used in defining system boundaries have inherent weak-
nesses; complex products (e.g., automobiles) require
tremendous resources to analyze.

Data collection Data availability and access can be limiting (¢.g., proprietary
data); data quality including bias, accuracy, precision, and
completeness is often not well addressed.

Data evaluation Sophisticated models and model parameters for evaluating
resource depletion and human and ecosystem health may not
be available, or their ability to represent the product system
may be grossly inaccurate. Uncertainty analyses of the results
are often not conducted.

Information transfer Design decision makers often lack knowledge about environ-
mental effects, and aggregation and simplification techniques
may distort results. Synthesis of environmental effect cate-
gories is limited because they are incommensurable.

6.10 DESIGN EVALUATION

Analysis and evaluation are required throughout the product development process. If
environmental requirements for the product system are well specified, design alterna-
tives can be checked directly against these requirements. Tools for design evaluation
range from comprehensive analysis tools such as life-cycle assessment (LCA) to the use
of single environmental melrics. In each case, design solutions are evaluated with
respect to the full spectrum of requirements,

DESIGN EVALUATION

Life-cycle assessment
EPA/SETAC framework (inventory analysis, impact and improvement assessment)
DFEIS matrix (Allenby)
Dow matrix
EPS system (Federation of Swedish Industries)

General environmental metrics
Resource productivity index (Sony)
Waste per unit product

Specific metrics
Energy consumed in use stage per unit product
Percentage recycled; weight of recyclable components or weight of product

Caost assessment
Life-cycle costing
Environmental accounting
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FIGURE 6.8 Environmental evaluation in the development process.

Figure 6.8 shows different applications of environmental evaluation tools through-
out the development process. Note that the actual environmental burden associated with
a product sysiem may differ from the environmental profile estimated during design.
Such vartation is likely in a dynamic system.

6.10.1 LCA and its Application to Dasign

LCA consists of several techniques for identifying and evaluating the adverse environ-
mental cffects associated with a product system.'*2* The most widely recognized
framework for LCA consists of inventory analysis, impact assessment, and improve
ment assessment components. At present, inventory analysis is the most established
methodology of LCA.

LCA and more streamlined approaches can potentially be applied in needs analysis,
requirements specification, and evaluation of conceptual through detailed design
phases. Although numerous life-cycle inventories have been conducted for a variety of
products,® only a small fraction have been used for product development. Procter &
Gamble is one company that has used life-cycle inventory studies to guide environ-
mental improvement for several products.?® One of its case studies on hard swrface
cleaners revealed that heating water resulted in a significant percentage of total energy
use and air emissions related to cleaning.2® Based on this information, opportunities for
reducing impacts were identified which include designing cold water and no-rinse for-
mulas or educating consumers to use cold water.
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The Product Ecology Report is another example where life-cycle inventory and a
valuation procedure are used to support product development.?” For this project, the
environmental priority strategies in product design (the EPS system) evaluate the envi-
ronmental impact of design alternatives with a single metric based on environmental
load units. An inventory is conducted using the LCA inventory tool developed by
Chalmers Industriteknik, and valuation is based on a willingness-to-pay model, which
accounts for biodiversity, human health, production, resources, and aesthetic values.
This system enables the designer to easily compare alternatives, but the reliability of the
outcome will be heavily dependent on the valuation procedure.

Several LCA software tools and computerized databases may make it easier to apply
LCA in design. Examples of early atiempts in this area include SimaPro, developed by
the Centre of Environmental Science (CML), Leiden University, Nethertands; LCA
inventory tool, developed by Chalmers Industriteknik in Giteborg, Sweden; and PIA,
developed by the Institute for Applied Environmental Economics (TME) in the Hague,
Netherlands {available from the Dutch Ministry for Environment and Informatics
(BMI)). These tools can shorten analysis time when one is exploring design alternatives,
particularly in simulation studies, but data availability and quality are still limiting. In
addition to these tools, a general guide to LCA for European businesses has been com-
piled which provides background and a list of sources for further information.2®

Difficulties, General difficulties and limitations of the LCA methodology are sum-
marized in Table 6.10. In principle, LCA represents the most accurate tool for design
evaluation in life-cycle design and DFE. Many methodological problems, however, cur-
rently plague LCA, thus limiting its applicability to design.* Costs to conduct an LCA
can be prohibitive, especially to small firms, and time requirements may not be com-
patible with short development cycles.?®* Aithough significant progress has been made
towurd standardizing life-cycle inventory analysis,'®** results can still vary signifi-
cantly.*'* Such discrepancies can be attributed to differences in system boundaries,
rules for allocation of inputs and outputs between product systems, and data availabil-
ity and quality issues. LCA also generally lacks uncertainty analysis of results.

Incommensurable data present another major challenge to LCA and other environ-

mental analysis tools. The problem of evaluating environmental data remains inherently
complicated when impacts are expressed in different measuring units (e.g., kilojoules,
cancer risks, or kilograms of solid waste). Furthermore, different conversion models for
translating inventory items to impacts are required for each impact. These models vary
widely in complexity and uncertainty. For example, risk assessment and fate and trans-
port models are required to evaluate human and ecosystem health effects associated
with toxic emissions. Model sophistication dictates whether additional data beyond
inventory results are needed for proper evaluation. Simplified approaches for impact
assessment, such as the critical-volume or -mass method® have fundamental limita-
tions. These general models are usually much less aceurate than more elaborate, site-
specific assessment models, but full assessment based on site-specific models is not
presently feasible.

Otker simple conversion models, such as those translating emissions of various gases
toasingle number estimating global warming potential or ozone-depleting potential, are
available for assessing global impacts, 32

Even if much better assessment tools existed, LCA has inherent limitations in
design, because the complete set of life-cycle environmental effects associated with a
Product system can be evaluated only after the design has been specified in detail. But
at this stage, the opportunities for design change become drasticaily limited. This con-
dition is represented graphically in Fig. 6.9. In the conceptual design phase, the desi gn
solution space is wide, wheteas in detailed design, the solution space narrows. Thus the
feasibility of a comprehensive LCA is inversely related to the opportunity to influence
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FIGURE 6.9 Design solution space as a function of time.!

product system design. In addition to these limitations, many of the secondary and ter-
tiary inventory items of a life-cycle system that are often neglected in an LCA, such as
facilities and equipment, are significant forces that greatly affect product development.

6.10.2 Other Design Evaluation Approaches

Environmental Indicators or Metrics. In contrast to a comprehensive life-cycle
assessment, environmental performance parameters or metrics can be used to evaluate
design alternatives. Navin-Chandra* introduced the following set of environmental
indicators: percentage recycled, degradability, life, junk value, separability, life-cycle
cost, potential recyclability, possible recyclability, useful life and utilization, total and
nel emissions, and total hazardous fugitives. Many of these indicators can be calculated
relatively easily; the 1ast two, however, require life-cycle inventory data to compute.

Watanabe™ proposes a resource productivity measure for evaluating “industrial per-
formance compatible with environmental preservation.” The resource productivity is
defined as:

(Economic value added) X (product lifetime)

(Material consumed — recycled} + (energy consumed for production, recycling)
+ (lifetime energy used)
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where the individual terms in the denominator are expressed in monetary units. Longer

roduct life, higher material recycle, and lower material and energy consumption all
contribute to a higher resource productivity. Watanabe has applied this metric in evalu-
ating three rechargeable-battery alternatives. While resource productivity incorporates
many envirenmental concerns, it is not comprehensive because costs associated with
toxic emissions and human and ecosystem health are ignored. In addition, the value-
added component of the numerator includes other factors besides environmental con-
siderations. Despite these limitations, this metric is relatively simple to evaluate and
accounts for resource depletion, which correlates with many other environmental

impacts.

Matrix Approaches. DFE methods developed by Allenby®* use a semiquantitative
matrix approach for evaluating life-cycle environmental impacts. A graphic scoring sys-
tem weighs environmental effects based on available quantitative information for each
life-cycle stage. In addition to an environmental matrix and toxicology/exposure matrix,
manufacturing and social/political matrices are used to address both technical and non-
technical aspects of design alternatives,

Dow Chemical Company has also developed a matrix tool for assessing environ-
mental issues across major life-cycle stages of the product system. Opportunities and
vulnerabilities are assessed for core environmental issues, including safety, human
health, residual substances, ozone depletion, air quality, climate change, resource deple-
tion, soil contamination, waste accumulation, and water contamination. Corporate
resource commitments may then be changed to more closely match the assessed oppor-
tunities and vulnerabilities.

Computer Tools. ReStar is a design analysis tool for evaluating recovery operations
such as recycling and disassembly.’’ A computer aigorithm determines an optimal
recovery plan based on tradeoffs between recovery costs and the value of secondary
malerials or parts.

611 SUMMARY

Numerous companies are beginning 10 apply life-cycle design principles and tools.
Table 6.1} highlights several examples where life-cycle design and related tools have
been implemented by industry. As this chapter has demonstrated, many difficulties still
must be confronted before life-cycle design tools can be more fully incorporated into
product devetopment programs. All major stakeholders, including industry, the public,
&nd government, have a role in designing, manufacturing, and using products which are
more sustainable. The following life-cycle design principles are presented to aid these
stakeholders in guiding environmental improvernent of product systems.

8.11.1 Life-Cycle Design Principles

Use a Systems Approach. A systems approach is essential to achieving sustainable
development goals. The life-cycle system is the basis for a comprehensive framework for
addressing environmental issues in design. Life-cycle design focuses on the product sys-
tems level in an industrial systems hierarchy. However, understanding the contribution
of product systems to higher-order levels {i.e., global flows of materials and energy, eco-
nomic sectors, corporations) as well as the influence of individual subsystems (specific
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TABLE 8.11 Examples of Life-Cycle Design

Company Project or Program
Xerox Asset Recycle Management
Dow Lifecycle inventory

AT&T Life-cycle design
AlliedSignal Life-cycle design

Volvo EPS

Digital Pre-LCA

Ford Life-cycle design

Procter & Gamble Life-cycle inventory and
improvement analysis

GM Streamlined LCA

United Solar Life-cycle design

Activity

This program has been successfully implemented
fot the design and manafacture of xerographic
equipment. A hierarchy of strategies has been
developed to optimize resource use including
equipment and parts remanufacturing, repair and
reuse, and materials recycling.

Conducted a life-cycle inventory of pouliry pack-
aging altematives.

Developed environmental, petformance, cost,
legal, and cultural requirements for a business
telephone terminal. The multicriteria matrix was
used to specify requirements for manufecturing,
use, and end-of-life management. Various design
strategies were implemented to reduce environ-
mental burden.'s

Developed environmental, performance, cost,
legal, and cultural requirements for an engine oit
filter design. A comparative analysis of cartridge
and spin-on filter designs was conducted includ-
ing a life-cycle cost analysis for the customer.
Environmental priorities strategies (EPS) system
uses a single metric (environmental load units) to
evaluate environmental impacts. It is based on a
willingness-to-pay mode] which accounts for bio-
diversity, human health, production, resources,
and aesthetic values. Comparative assessments
were made of altemnative materials for the design
of a hood and a front-end construction.

Digital applied & “pre-LCA” method to the evalu-
ation of videodisplay shipping packaging. The
pre-LCA tool consisted of a set of critefiaand a
numerical scoring system for evaluating environ-
mental imipacts for each criterion ranging from 1
to 9. The idea of this approach was to develop a
tool for nonienperts.

Performed a comparative analysis of altemative
designs, (two aluminum and a nylon composite)
for an air intake manifold.®

Conducted several life-cycle inventories of
various cleaners and detergents, Opportunities for
design improvement were identified in several
cases. ’

Participating in a streamlined LCA of autobody
painting. This project is coordinated by the
President’s Council on Sustainable Devetopment.
Conducted a life-cycle energy analysis of an
amorphous silicon photovoltaic module and stud-
ied alternative design parameters.
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life-cycle stages, unil operations) is crucial to effective life-cycle design. Successfully
reducing net environmental impacts from product systems while still meeting societal
needs requires an awareness of the complex interactions among different hierarchical
levels and between the varions organizational categories (e.g., economic, ecological, and
sociological structures).

Take Action Early. Addressing environmental issues in the earliest stages of design
is one of the most efficient ways to reduce environmental burdens.

Manage Internal and External Factors, Both internal and external factors strongly
influence design. Within a company, an environmental management system that
includes goals and performance measures provides the organizational structure for
implementing life-cycle design. Access to accurate information about environmental
impacts is also critical in achieving environmental improvement. External factors that
shape design include government regulations, market forces, infrastructure, the state of
the environment, and scientific understanding of human and ecological health risks and
public perception of these risks.

Implement Concurrent Design. Concurrent design, a procedure based on simultaneous
design of product features and manufacturing processes, includes product, process, and dis-
tribution components of the product system. Interdisciplinary participation is key to defin-
ing requirements that reflect the needs of multiple stakeholders such as suppliers, manu-
faclurers, consumers, resource recovery and waste managers, the public, and regulators.

Specify Environmental Requirements. Specification of requirements is one of the
most critical design functions. Requirements guide designers in translating needs and
environmental objectives to successful designs. Environmental requirements should
focus on minimizing natural resource consumption, energy consumption, waste gener-
ation, and human health risks as well as promoting the sustainability of ecosystems.

Satisfy Multiple Objectives. Environmental issues cannot be addressed in isolation.
Life-cycle design seeks to meet environmental objectives while also best satisfying
cost, performance, cultural, and legat requirements. The challenge is to apply design
strategies that resolve conflicting requirements.

Establish Environmental Metrics and Other Design Evaluation Tools. Metrics and
other comparative methods of evaluation enable product designers to determine the
advantages and dizadvantages of design options. Comparisons across all stages of the
product life cycle are necessary to accurately assess environmental burden and to
develop priorities for improvement.

Educate and Train Employees, Customers, and Suppliers. All members of a product
realization team. including production workers and vpper management, should be knowl-
edgeable about environmental issues. Moreover, because environmental issues generaily
extend beyond the company boundary te customers and suppliers, attention should be given
to helping all participants in the life cycle improve environmental performance.
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