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To achieve environmentally conscious manufacturing, engineers must evaluate and select materials and
processes that minimize environmental impact. To support this task we developed a computer program,
called EcoSys™, that assists mapufacturing and environmenta! engineers in assessing the environmental
consequences of their manufacturing decisions. First, this article describes the environmental philosophy
that supports the decision making of the program, second, the use of artificial infelligence techniques,
including rule-based search algorithms based on the analysis of manufacturing experts’ protocols, and
finally, the design.and software system integration that makes up the program itseif.

INTRODUCTION

Green design is now considered an integral compo-
neat of an ideal product realization process.
Unfortunately, the assessment of tradeoffs among eco-
nomic, performance, and more recently, environmental
attributes associated with competing processes or prod-
ucts is extremely challenging, particularly due to the
many technical, societal, and cultural perspectives asso-
ciated with environmental quality. To-enable emerging
concurrent design and agile manufacturing initiatives at
both corporate and national levels, a toel for green design
that incorporates these perspectives and provides timely
design information and decision support is critical.

This article describes the development of EcoSys™,
an information system and expert system that performs
environmental impact analyses of product design and
manufacturing processes. The goals of EcoSys™ are:

(1) to identify and quantify within the manufacturing
process the relationships -between product design
and material consumption and waste generation, and

(2) to apply these relationships to compare the environ-
mental consequences of competing product designs
OF processes,

The expert system addresses the issues associated
with the increasing complexities of product design, and
supports analyses accerding to a broad range of environ-
mental views. Results of EcoSysid analyses provide
decision support in 2 number of areas including com-
parative process and product assessments, process
optimization (such as the incorporation of emerging
environmentally conscious manufacturing technologies),
and environmental needs assessments.
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ENVIRONMENTAL LIFE CYCLE
DECISION ANALYSIS MODELS

Currently within the manufacturing industry, envi-
ronmental quality is a loosely and subjectively defined
term. To conduct meaningful environmental assess-
ments, one teust have clearly. defined and accepted
metrics. Additional yet critical aspects of environmental
models are to determine how environmental conse-
quences can be reported in a true sense, other than by
only the magnitude of some use activity (consumption or
emission levels). Another important issue is how to
compare the impact from very different manufacturing
activities. .

For instance, we can measure “tons” of carbon dioxide
(CO,) emissions from a coal fired plant, or “acres” of
land consumed from a metal miining operation. These
numbers are often cited as the “impact” of a particular
process. The real impact, however;is in the degradation
of our sustainability* as a result of the presence of
additional CO, or absence of usable Jand. Furthermore,
one might expect that the environmental consequences
from CO, emissions and mining are numerous. The
impact of either one might be directly comparable to that
of the other, that is, each affects global CQ, balance, or
they might be very different. Unfortunately, defining
“impact” and assigning judgments between dissimilar
environmental impacts has historically been extremely
difficult. This issue must be addressed if we are to
have success in promoting effective environmental
life cycle werk. .

A challenge for the environmental management com-
‘munity is to identify and quantify the relationships of
material and energy consumption, and waste generation
and management, with environmental quality. This sys-
tematic process, referred to as valuation, canbe conducted

using one of a number of techniques including moneti- -

zation, direct comparison, and abstract comparison. The
choice of method will influence to a great extent the
framework for the analysis methodology. Only recently
has the debate begun over which techniques are most
appropriate for the valuation of life cycle inventories.?
We employ in our environmental modeling the prin-
ciples of life cycle analysis as defined by the Society of
Environmental Toxicology and Chemistry (SETAC)*
and the Environmental Protection Agency (EPA).° Our

*The term sustainability i¢ defined by the World Commission on Enviren-
ment and Development as “meeting the basic needs of all and extending 10
all the opportunity to sa‘isfy their aspirations for a better life . .. land}
acceplance of consumption standards that are within the bounds of ecologi-
cal possibility and to which all can aspire.” In addition, sustainability is
also defined in economic terms as True, or Hicksian, income. Unlike
traditional treamment of welfare (i.e., GNP), Micksian income includes
consideration of the depreciation of natural capital?

approach is structured around whatis termed the product
life cycle inventory. Itis important to note, however, that
the analysis methodology presented in this paper does
deviate substantially from the more traditional life cycle
inventory guidelines. Although inventory data gemer-
ated from the manufacturing phase of the product life
cycle is explicitly considered in our analysis (in our case,
manufacturing is the phase where the greatest degree of
data precision can be maintained), full life cycle inven-
tories are considered only in a more qualitative sense.
Traditionally, life cycle inventory has a very specific
meaning. The inventory identifies and quantifies the
inputs to industrial systems, such as resources and en-
ergy, and the outputs, such as air emissions, waterbomne

. effluents, solid waste and other gnvironmental releases

incurred throughout the life cycle of a product er pro-
cess.* Unfortunately, gathering and characterizing life

_cycle inventory data is fraught with problems. These

include the tremendous breadth of direct and indirect
material and waste streams associated with a single
process or product, and the associated difficulties of
determining appropriate system boundaries. Life cycle
inventory concepts have been criticized because of the
large economic burdens of “accurate” assessments. In
response, the life cycle analysis community has devel-
oped strategies to address inventory issues, such as
promoting industry averaged data, and in doing so has to
now deal with significant concerns over data quality.
Finally, the emergence of agile, or flexible, manufactur-
ing has complicated the issues of performing inventory
analysis. More often the processes once used to preduce
a single product are now being used to produce a wide
range of products and have more sporadic duty cycles.
Determination of life cycle inventories for these
aggregates of products requires a methodology that
accommuodates the “many to many” relationships among
products, processes, and materials.

The approach described here was adopted in response
to the concemns of traditional life cycle inventory analy-
sis, and also, in large part, because of the need for an
environmental impact assessment methodology that goes
well beyond the quantification of input and outputstreams.
As an important further extension of the current state of
life cycle znalysis, we define environmental Impact
analysis models and have developed a prototype expert
system to effectively present environmental information
to the design and manufacturing community. This tool is
not strictly an environmental compliance-driven pro-
cess, but recognizes that problems associated with
environmental damage extend well beyond the constants
imposed by federal and local regulations. Beyond com-
pliance, the possibilities for the creation and use of the
concept of “green design” are exciting.

Beginning our effort to identify the criteria that effects



International Journal of Environmentally Conscious Design & Manufacturing, Vol. 4, No, 2, 1995 55

Printed in the U.S.A.

. Ecological
Health
Human Animal Plant
Health Health Life
Environmental Resource Waste
Risks .| Consumption Production
ozone depletion total wt total wt
global warming renewable use % TRI
land use reuse MsSwW
species exfinction - - reserves treatment
air toxics T energy incineration " .- -
water toxics '

fugitives

Figure 1. Environmental impact decision model derived from: (1) the Sandia Envircnmental Impact l\ﬁe_trics Stakeholder Panel,* and

{2) the EPA Science Advisory Board study on risk.?

environmental quality at the process and product Jevels,
we first selected a number of designers, manufacturers,
environmental safety and health (ES&H) personnel, and
environmentaltechnology staff, and assessed theirknowl-
edge of environmental criteria. We solicited perspectives
from industry, universities, and the EPA. Results of
these assessments, obtained through a survey and a panel
session, were applied in our development of environ-
mental impact decision models that support life cycle
analysis.® These models, based on the application of the
analytic hierarchy process, or AHP™® can be represented
in a tree-like structure consisting of goals, objectives,
criteria, and alternatives. The basic features of the mod-
els are illustrated in Figure 1.

Although there seemed to be a general consensus on
criteria to include in an environmental impact mode],
there was significant disagreement among experts re-
garding the relative importance of the varieus criteria
within the model. We believe this observation to be an
indication of the more subjective narture of environmen-
tal impact analysis. To address this dilemma, we
constructed a set of models, each supporting signifi-
cantly different views. These models, based in part on
Colby’s different views of environmental management,’
recognize the evolving perspectives associated with en-
vironmental quality. Colby proposes five alternative
models of the relationship between economic growth
and the environment. These define a diverse range of

views of environmental quality and ecological health:

(1) Frontier Economics: This view focuses on eco-
nomic growth and a free market economy with little
regard to environmental consequences.

(2) Environmental Protection: Here the environment is
viewed as an economic externality that must be
safeguarded through laws and regulations. The pri-
mary issue in this view is thathumans simply produce
too much waste. This highly anthropocentric view
focuses on pollution prevention and waste mini-
mization.

(3) Resource Management: In this view the environ-
ment is again an economic externality, but it rust
now be internalized in measures of economic perfor-
mance. The problem In this view is that humans are
managing resources poorly. This view recognizes
that consumption as well as wasté generation affects
environmental quality, but is still concerned prima-
nily with effects related to human health.

(4) Eco-Development: This view stresses the co-evolu-
tion of man and ecosystems on an equal basis. This
view suggests that, at present, the scale of economic
growth is inconsistent with the Tong-term coexist-
ence of man with nature.
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. Tablet
Weighting factors for Impact Analysis‘Model Objectives and Criteria
Environmental Resource Eco-
Protection Management Development
Objectives: : .
buman health 1.000 0.667 - . 0,333
animal health. {.000 0.167 ’ - . 0333
plant life 0.000 0.167 . 0.333
Criteria: !
global risk 0.250 0.333 0.667
waste production 0.750 0.333 0.167
resource consumption  0.000 0333 - 0.167
Subwcriteria: . ' -
oDy 0.080 0.108 0.J71
global warming . 0.061 0.088 0.140
1and use 0.031 0.051 0.140
ies extinction 0.030 0.047 0.125
arr toxics ’ 0.009 0.019 0.049
water toxics - 0.009 0.019 0.049
total waste produced 0265 . 0.100 0.045
- . qty TRI2 0.160 0.100 0.052
% MSW? 0.030 0.013 0.006
% incineration 0.081 0.026 0.013
% treatment 0.084 0.030 0.016
qty fugitive 0.160 0.063 0.044
. total resource consumed  0.000 0.100 0.045
non-repewable use 0.000 0.066 0.026
non-reuse 0.000 0.040 0.025
reserves '0.000 0.058 0.026
energy 0.000 0.072 0.028
T Ozone Depletion Potential

? Toxic Relesse Inventory hazard designation
¥ Municipal Solid Waste

(5) Deep Ecology: This view focuses on harmony with
nature, and emphasizes drastic reduction in human
population and the scale of economic growth.

We feel that the most relevant views, based on the
current climate in the environmentalpolicy arena, are the
Environmental Protection, Resource Management, and
Eco-Development. Deep Ecology, although it evolved as
a reaction to Frontier Economics, did in fact provide-a
significant awareness that resulted in the formulation of
these other more practical views. Based on this assump-
tion, we generated three decision models consistent with
these three intermediate positions. Criteria selected for
inclusion in these models are based on (1) environmental
risk, (2) waste production, and (3) resource consump-
tion, with each model viewing the relative importance of
these criteria differently. Sub-criteria under risk were
assigned in part following the findings reported by an
EPA Science Advisory Board™ study on risks associated
with global envircamental problems. Issues including
global warming, ozone depletion, land use, and species
extinction were identified by the EPA Science Advisory
Board as posing the greatest threat to environmental
quality. Therefore, these criteria were given greater

weight in our models. Other elements of risk considered
include air and water toxics. For waste production, issues
such as the quantity, the percentage hazardous, the route
of disposition, and fugitive emissions are addressed. For
resource consumption, the models include quantity, en-
ergy, renewable materials use, and reuse.

Table I lists the strawman weights assigned for each
criterion and sub-criterion for each of the three models.
Weights were assigned through our own interpretation-
and extension of Colby’s work. The differences between
each view can be understood by examining the relative
distribution of weights. For example, at the Environmen-
tal Protection view considers only human health as its
primary objective with no weight given to plants and
animals. On the other hand, the Eco-Development model
views human health, animal health, and plant life as
equally important. At the subcriteria level, the Environ-
mental Protection view considers total waste production
and hazardous waste production (qty TRI, materials on
the SARA in Toxic Release Inventory list) as the most
important criteria. Products ortechnologies that produce
less overall waste than others will be viewed favorably
from this viewpoint. In contrast, the Eco-Development
view considers the quantitative aspects much less impor-
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tant relative to the more global environmental risks
associated with global warming, ozone depletion (ODF),
land use, and species extinction. Products or technology
alternatives that yield lower global risk will be viewed
favorably in this view, potentially even in cases where.
more waste is produced. The goal in our implementation
of these models was to remain consisient with Colby’s
definitions and to provide the user with a choice regard-
ing the most appropriate view—decision-makers are
{ree to compare and contrast the advantages and disad-

vantages of cach approach relative to the policies of their

own organizaiion. In addition, recognizing the con-
tinuum on which the spectrum of environmental
management views can exist. EcoSys permits the user to
create. unique distributions of weights. '

Application of the Environmental Life Cycle
Impact Analysis Model

Application of environmental impact analysis re-
quires a careful integration of the models described
above with the -information in the product inventory.
This integration is accomplished in part by the definition
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and construction of a preduct/process hierarchy. Figure
2 illustrates the features of such a representation and
defines the boundaries of the product life cycle informa-
tion relevant to this type of analysis. Figure 2 shows that
products are derived from processes. Input values for
processes can be product-specific and process-specific
materials, and/or lower level products (subassemblies,
connectors, housings, and so on). Lower level products
are derived from other materials and/or other lower level
products. Ideally, the hierarchy is complete once all
product subassemblies and product specific materials
have been broken down into their most basic constituent
sets of processes and materials. At this point, all leaf
nodes{nodes without “children,” or Jower level features)
are defined as materials.

The focus of environmental impact analysis is the
process. The fundamental assumption is that environ-
mental impacts result directly from human activity
(processing) rather than from the materials or products
themselves. The process defines what materials are
required, and in what quantities. The impact from a
product results from a unique combination of processes.

PRODUCT

process 3
Subassamoly ; Material 4 | | Material 12 Subassembly | | paterials | | Material &
1 Material 1 ater p
@ @ .proces: [  procesa T process 8
: " [Subassamblyll ; "
Material 7 | | Matariai 8 Matsrial 2 | | Material 9 | {Material 10 Material 11 ] | Material 12 A Matarial 13 1Matanal 14
‘
material \
process Q Material 7 Matarial 8

product

Figure 2. Product and process hierarchy.




or even more generically, “events,” experienced during
- the life cycle of that product. Changing the materials
used in the product or in the processes will alter the
relative environmental impact. Despite this assumption,
the basic building blocks for a process are, of course,
materials. Materials, altheugh they are viewed as.not
having direct environmental impacts, do have what we
term environmental antributes. Consistent with the envi-
ronmental impact models described above, attributes of
materials include a percent hazardous (TRI), 2 disposal
option (landfills, incinerate, treat), whether they are a

renewable or nonrenewable resource, reuse or recycle,

reserves index, energy consumption, and risks associ-
ated with ozone depletion, global warming, land use,
species extinction, and air and water toxics.

The Environmental Impact Rating System

‘We constructed a-materials library to assign valuesta
each of the environmental attributes for a set of selected
materials. For Ozone Depletion Potential (ODP. ' relative

values are applied where available (ODP is typically

reported relative to CFC-11, which'is given a value of
1.0). For disposal option, the material is given adesigna-

tion for the most commen {or actual) route of disposition. -

For all other attributes, we adopted a rating systemn that
assigns a value of “1” if the material has low impact for
that attribute, “5” for amoderate level of impact, and “9”
for high impact. The rationale for our use of such a
discontinuous rating scale is that these values are often
derived from limited and sometimes. conflicting kitera:
ture sources, rather than from detailed life cycle studies.
As more and more studies are completed, these data will
‘be modified and be made more consistent with 2 true life
cycle perspective.

The material library database is used to construct the
process definition. From the life cycle inventory, we
generate mass balances for material use in and out of
processes. To define the process, the appropriate mate-
Hal data sets are retrieved from the library, and are

assigned quantities into the process and quantities out of
the process (qtyin and qtyout). There is also a measure of
quantities emitted in an uncontrolled manner, termed
fugitive (fugtvs). Quantities are used to derive: (1) the
total quantity of materials consumed by the process, (2)
the total quantity of waste produced by the process, and
(3) the weighted averages of the environmental attributes
for the process. To define the product, all of the processes
applied are then summed. This summation is conducted
in much the same manner as summing the materials that
constitute a process.

. .Application of environmental impact attributes 10
materials, as just defined, results in an impact analysis
methodology that deviates from more traditional Life
cycle analysis guidelines. Rather than conducting full
Tife cycle inventory assessments of all materials used, we
are providing inventories only for manufacturing. The
choice of environmental attributes was selected to per-
mit the creation of a qualitative life cycle perspective
without the need to collect complete Life cycle inventory
-data. Again, while a broader set of inventory data can be
used to help generate the ratings, this data is not explic-
itly réquired. Our approach will support the evolution of
a more “graded” analysis methodology, where a high
degree of data certainty is maintained within appropriate
system boundarjes (in this case, manufacturing). As
customer-supplier relationships evolve, the EcoSys™
framework will support detailed analyses upstream and
downstream.

THE REPRESENTATION OF KNOWLEDGE AND
DESIGN OF SEARCH IN ECOSYS

The goal of EcoSys™ is to build a program that assists
the himan expert in making supported, environmentally
sensitive decisions in product design and manufacturing
processes. Understanding this complex task involved the
knowledge extraction process from individuals'' and
was performed on a number of experts in three distinct
domains: the environment, design, and manufacturing.
The system must have the environ-

|

Expert System
Information
System
Rules
-part or process

«information system
«grvironmental models

i

Figure 3. Expert system rules tink the information system and environmental models.

mental models available to suppont
decisions in the design of products
or processes. This was accomplished

A

through interviews with environmen-

tal experts and the results were

described in the previous section.
The second part of the solutior:

Environmentzl
Models

involved a great deal of interaction
with manufacturing engineers anc
product designers. In the past, de-
sign and manufacturing were two
very distinct steps in the produc!
realization process. We needed i
understand this decoupling beford
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Figure 4. A typical product flow diagram for manufacturing.

we could integrate the two sequential steps into a prod-
uct/process structure as described in the next section.
The third part was the reasoning steps that allowed the
human expert to tie all this information together. The part
and pracess information was gathered together ina
databasé along with environmental information about
materials. We next describe how we captured the reason-
ing that brought the system together.

To be successful, it was necessary to understand how
the human expert attempts to solve this complex task. To
accomplish this we set up interview sessions with human
environmental and manufacturing experts. During these
sessions we asked the experts to talk through their
problem solving processes for 2 number of typical prob-
lems. The audio taped interview sessions were fairly
relaxed with experts asked to go through typical situa-
tions. We also asked several different experts 0 g0
through the same situations to see the different ways
human experts focused on similar problems. The pro-
gram designers were the interviewers and were initially
rather naive about the entire process. An imporiant
component of these interview sessions was for the hu-
man expert, in the context of describing their solutions,
to indirectly instruct the EcoSys™ designers.

Traditionally, the representation for product structare
is in the form of some type of flow diagram similar to that
of Figure 4. These diagrams are similar to organizational
charts that outline the hierarchy of employees at a work
place. At times, they are difficult to read when long lines

connect the boxes with no apparent order for their
composition. The hierarchical relationships are some-
times confusing since boxes may be connected
horizontally as well as vertically. Based on our analysis
of the reasoning of human experts, and the natural
decomposition of this expertise into if...then...rules,
we selected an alternative representation. to the flow
diagram, that of the and/or tree. These trees not only
clearly define the hierarchical relationships within a
product structure but can also represent alternative ways
to construct the product. (The reader is asked to make a
clear distinction from the decision analysis tree pre-
sented in Figure 1.) The product structure in Figure 41is
shown as an and/or tree representation in Figure 5. This
is actually an and tree because there are no alternative
choices in this particular fabrication process. Everything
is anded together to make the final product. (We recom-
mend Lugerand Stubblefield* for descriptions of artificial
intelligence (AI) data structures, including if...then_..
rules, and/or trees, and data and goal driven models of
state space search.) Figure 6 shows an and/or tree that
includes process information with product structure. The
processing nodes are shown enclosed in rectangles with
rounded corners, with materials shown as a single box
and assemblies shown as double boxes. This is done for
jllustrative purposes only. Notice the or braach under
Assembly35 where this assembly can be made by either
Processé or Process6A '

Qur expert system traverses this tree in a depth-first



60 Expert System Support for Environmentally Conscious Manufacturing * Warcns, KLesan, ano Luger

Assembly1
Assemblyd
Assambly2
Assembly? Assembl
Assemblyi0 Assemblyd [ ey ¥e
Assemblyll Assemblys [ —1 Assemblyd
Assembly12
AssamblyS  fuswes

Figure 5. Product structure of Figure 4 represented as an and/or tree.

manner to propagate and combine information used in
the analysis of the product. The or branches represent
alternative parts or processes and our analyses compare
alternatives to determine the optimum combination ac-
cording to our different environmental criteria. The
human experts of the early interviews felt very comfort-
able with this automated reasoning process and felt it
reflected their reasoning processés in fairly complete
detail. To support this approach, we use the M.4 software
product from Cimflex Teknowledge," a tule language
that captures the constraints in the and/or tree that reflect
the product and processes we desire to analyze. A typical
rule has the format:

IF(A and B and C) THEN D

This is a simpie inferential rule that states if A, B, and
C are true then D i: true. The rule representation maps
directly to the and or tree. For example, the rule that
represents the “pretin” manufacturing process is:

1F ( solder and flux and TCE ) THEN pretin

There is a separate rule for every node in the tree that

- has sub-nodes. The leaf nodes of the tree are database .

entry points for product and process information. This
way, the entire and/or tree structure that represents the
product and process is represented as a set of rules that
ultimately connect the environmental constraints of prod-
.uct and process. - Constraint analysis across this data
structure is known as a state space search.

We used goal driven search of the state space as we
noted in the previous section. Goal driven search is
appropriate for this problem because the types of ques-
tions we have with respect to environmental models are
goals to be satisfied. For example, if we want o assess
assembly A with the Resource Management model, we
present the goal. “What are the environmental con-
straints on manufacturing Assembly A according to this
model” 1o the expert system.

The architecture of the Ecosys™ system is seen in
Figure 7. The environmental and inventory information
that the expert system manipulates resides in an
ORACLEY relational database. It consists of seventeen
tables that are joined in various ways to provide usable
informarion for'the expert system. There ar€ two main
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Figure 7. The EcoSys™ system architecture.
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access procedures that the expert system uses. One
procedure retrieves environmental impact information
for materials including indices for land, water, and air,
global warming, recyclability, and reusability. The other
procedure provides life cycle inventory information,
such as quantities of materials that are used ina manufac-
turing process. These access procedures are invoked

through the expert systemn rules. They are simple proce-.

dures that contain Standard Query Language (SQL)
statements that manipulate the tables and retrieve the
requested data. The and/or tree is traversed in a depth-
first manner whereby the information is propagated
through the tree to arrive at the desired node for the
type of analysis chosen by the user.

The decision analysis module is based on the applica-
tion of the Analytic Hierarchy Process or .AHP. The
environmental impact model is represented in a tree-like
structure consisting of goals, objectives, criteria, and

alternatives. The expert syster is the heart of EcoSys,

encoding the product/process tree of the manufactured
product. It has access procedures to the environmental
and inventory data and encodes the environment deci-
sion analysis models and is called from a graphical user
interface. The graphical user interface is written in
Motif, a widget set for the X-window system,’ and
consists of various windows and menus to set control
parameters. The core of the interface is the product/
process tree browser. The browser allows the user to
analyze any node in the product -process tree, not just the
entire product. This allows the user to compare and
contrast the environmental impact of two or more prod-
uct subassemblies or manufacturing subprocesses.

" From a funcrional point of view, the user interface
cantrols the rest of the underlying modules, begianing
with the expert system that manipulates information
from the information sources according to the rules
defined by the decision analysis module. These results
are then reported back to the user and the system waits for
more instructions. '

~EcoSys™ mns onaservermachine, currently a SPARC
station 10, with users remotely accessing the system
from their personal computers, be they PCs, Apple
Macintoshes, or other SPARC stations. The only re-
quirement for the user or client machine is thatithave an
X-window terminal emulator with access to the natwork
. where the server machine resides.

The most important criterion for the expert system
was that it must be easily embeddable and able to
integrate the three niajor components: the user interface,
the expert knowlecge, and an information system. Mt
was designed exactly for that purpose. Italsois primarily
a backward chaining system which perfectly imple-
mented our goal driven search sirategy. Ithas a powerful
knowledge representation language with full pattern

\
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matching capabilities. It also has a full object system that
we plan to use for information views in later versions of
our program.

EXAMPLES OF ECOSYS™ ANALYSES

EcoSys™ can model static or dynamic products or
processes. That is, the information pertaining to particu-
lar products and processes that currently exist at a
manufacturing facility can be stored statically in a data-
base for retrieval and analysis, or the analyst can
dynamically define their own through interaction with
EcoSys™. A process engineer might, for example, want
to evaluate a new process in comparison to an existing
one. Likewise, a product designer may want to examine
the environmental impact of a slight change to the

product design. In these cases EcoSys™ presents the user

with a series of data entry screens to design the new

‘manufacturing process or product. The examples that

follow are_taken from an existing information database
of a manufacturing facility.

‘EcoSys™. has three methods of analysis; material
analysis, data summation, .and impact.analysis. At the
most detailed level is material analysis where the user
may want to examine information pertaining to specific
materials. The user simply accesses the materials library.
When this is done, an alphabetical list of all the materials
in the database appears in a window of the browser. Any
number of materials can be selected for analysis. The
environmental information from the database for all the
materials selected is presented in the results window. As
an example, four different materials were selected and
the information appears as shown in Table IL Informa-
tion from the materials database is useful for examining
attributes such as the percent TRI, the typical route of
disposition, and ratings for the various impact criteria.

Data summation, a second type of analysis, is used to
collect information for any number of operations or
components. The summed information includes the in-
ventory of all materials and/or subassemblies required
for the specified node(s) of analysis. If asingle operation
is to be summed, just the immediate materials involved
in the process are combined. In- contrast, if the user
selects a component to be summed, all information down
to the leaves of the tee is combined. In both cases.
summing means that the total mass of materials con-
sumned and wastes produced is collected and the material
environmental information is presented as a weighteu
average. If a list of operations is to be summed, the
individual operations are first combined and then a sum
of all the operations is: performed. Table I1I shows the
results from summing four operations.

Key information is obiained from 2 data summation
analysis. First. there is an important distinction between
the information presented for materials and the informa-
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tion presented for data summation of an operation or a
componént. In the former case, there are factors assigned
for the percentage of the material that creates a toxic

 release, and factors for the route of disposition of waste,
where the possibilities are industrial solid waste, incin-
eration, or some “other” treatment. When applied in the
context of an operation, these factors are converted into
quantities to determine (I) the quantity of material con-
sumed by the operation, (2) the quantity of waste
generated, (3) the amount of the waste that is hazardous,
and (4) the amounts of waste that are disposed through
other various routes. An additional feature specific to
operations is the quantity of waste released in an uncon-
trolled manner, termed “fugitive.”
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The most commoen data summation analysis is per-
formed onasingle component or product. The component
is analyzed by summing all the operations that are
performed to make the component. If an operation in-
cludes another component, it is likewise summed. This
continues until the leaves of the tree are reached for the
component. If more than one component is selected, the.
summation is done for each component on the list and the
analysis concludes with a grand total sum of all compo-
nents selected. Table IV shows the summation results for
a single component, Printed Wiring Board 1 (PWBI1), a
major subassembly. In this respect, data summation is
somewhat analogous to more traditional process waste
assessments. However, rather than reporting quantities

Table Il

Examples of Specific Material

Information from the Database

Type Neme D TRI 1sW Incn  Treat CCP Reli Rells ReSe Eng Gob  Llend  Spec A Water

meedd  sodum car 4553052 004 6,00 1.00 000 0.00 9,00 800 5480 500 5.00 5,00 500 1.00 1.00

maerid  sufuic_ec 452838 0 0.00 0.00 1.00 0.00 5.00 500 580 500 900 5,00 5.00 5.00 9.00

maedd  borc_acid 4520010 100 0.00 1.0 0.00 000" 800 00 500 5.00 1090 §.00 500 £.00 S.00

tnoteid  scder 003 100 1.00 064 000 0.00 9.00 500 §.00 500 100 500 - 500 500 900

Table IlI
An Example of Data Summation Across Four Operations

Type Name iD Qyln  QyOut- QtyFug TRI [SW  Incin Treast COF ReMu RelUs ReSe Eng Gob lend Spec Ar Water

dotal  chemical_c 30734840 10332630 10406630 950 24685 250930 340 1038M350 00¢ 102 102 500 101 101 401 101 102 402

wtal  leminale 5 97HEE0 49.0 140 00 140 140 00 00 000 800 900 500 500 500 500 SO0 500 10

wwtal  brown_odd 397348150 1519730 . 1823770 7700 9271 5555 520° 1547695 000 445 444 500 108 104 §.08 {08 {08 145

otal  ‘mechine_so 3973910 11100 §76.0 2590 8550 550 820 00 002 500 878 500 489 849 500 500 874 454

™ Giand Toml ™ 1864250 1193530.0 11240 42845 32175 S06.0. 1186855 00G 1.05 108 500 102 1481 103 {03 103 103

Table IV
Data Summation For Component Printed Wiring Board 1

Type Neme D Qtyln QryCut QtyFug  TRI ISW . Incn  Trest COP ReMu Rels ReSs Eng Gbd Land Spec Ar Water
operation  wet_blest 39734830 1975010 197010 040 0.0 4.0 00 1874170 000 100 100 S00 100 100 100 100 100 400
opersien  chemicel o 39734840 033230 10406530 S50 24885 25830 340 1038MBE0 00O A2 102 500 1.0t 101 101 101 102 102
operation  lamingte_r 39734850 490 L1400 00 1440 140 0.0 00 000 800 900 500 500 500 500 500 500 1.00
cperaton  develop_re 39734880 63320 63640 00 31535 62910 578 00.-000 900 900 500 500 105 500 500 101 100
cperation  copper_ete 357348100 450973.0 4349280 5800 9045 0.0 00 434750 000 162 102 500 104 102 107 101 1.02 1.02
cperaicn  stip_resi  JG7MEA10 1626200 162760 00 28675 5300 00 1573560 000 127 127 500 44 100 144 444 100 10
opermicn  bown_odd  J07ME{E0 1518730 453770 TR0 S 8BRS 520 1517635 000 145 194 500 1.08 181 108 108 108 115
cperaton  famingtion  397348-180 1.0 0o 00 0.0 0.0 09 00 000 800 800 500 000 000 500 500 000 0.0
operation  wef blast  JO7E260 2S00 SN0 00 0.0 17.0 00 224840 000 100 100 500 100 .00 100 1.00 100 100
opergtion  chemical ¢ 37348220 2078500 2081330 190 303 5180 70 28070 000 1402 182 500 101 100 101 101 101 101
cpargion  permangana 3974E-Z70 ¥2150 0 WAN50 2250 M0 00 1280 X/70 000 127 128 500 414 406 L1414 L4 1F
cperation eectoles  37HB280 1555280 1558290 5170 1180 140 1090 {3%760 000 143 143 500 108 405 108 108 109 145
operaton  flash_copp 307348200 143285 142220 EB00 8764 10794 13010 118418 000 548 B34 500 500 545 503 500 687 883
cperaficn  lamirate r 397348.320 14.9 140 0.0 0.0 14.0 0.0 0.0 000 500 800 500 500 100 500 500 100 1.00
cperzton  wel _blast  397H8X0  J/ECD  -3SEG10 00 0.0 7.8 060 =340 000 100 100 S0 106 100 100 10 100 100
cperation  chemical_c  357348-310 2081220 2081330 1.0 4840 5190 70 Xis70 000 102 102 500 101 101 f04 101 102 102
cpermion  develop re  3S7348-340 1546620 {EB410 00  E70 1200 1.0 483700 000 107 107 A00 13 L0003 403 100 100
cpergion  petem_pt 357348350 248630 4900 10200 20055 0.0 80 48840 000 187 187 500 172 472 472 {72 121 143
cperston  stip_res W7MAI70 F2E4Z0 0 32450 20 BEAS  074D 00 310 000 127 127 500 144 400 414 144 100 L0t
cpersfon  pumice_scr 3978320 3800 38060 00 $142  2W/CE0 00 00 000 800 500 500 500 100 500 500 100 109
opermion  copper_elc 397348350 Q08870 0SET.C 1180 211§ 00 00 8970 000 103 103 508 102 102 102 107 103 183
cperaton sdder_coa  J97M8420  HITSO SGTR0CO 1160 TME 8320 5180 SGEE00 000 149 118 500 101 101 102 109 102 102
ooermion  hand debur 397345480 0.9 00 00 0.0 0.0 00 g0 0CC 000 000 00C 000 000 000 0OC 000 00
opersten aqueccs o 397348470 243630 243680 0.0 4908 0.0 00 243880 006 510 510 500 308 100 305 305 100 3.05
operaton  equecus_c ISTHRE00 243625 243630 00 4208 0.0 00 24380 G0 510 510 500 305 100 365 305 100 305
total pol 387348 IN78E20 IS0S08.0 46388 WM 241889 2L WTLA0 - 000 -117 140 500 L09 103 446 40 185 110



for a single process or facility involving a large number
of different products, data summation is a report of
quantities associated with a single product exposed to a
large number of processes.

To get more detailed information on an operation

displayed as aresult of adata sumrmation, the user simply
selects any operation and a material list including guan-
tity information is presented for that operation, as shown
in Table V.

The results from data summation may be appliedina.

number of ways. Most significantly, tabular results from
data summation permit the user to easily compare a large
nurnber of operations against very specific user-selected
criteria. For instance, one might ask which operation
used to produce PWB1 produces the greatestamount of
a toxic release chemical (TRI, maximum in that columail
is the flash copper process), o, which operation pro-
duces. the greatest guantity of fugitive stack emissions
(paitern plate, under Qty Fug). Similarly, the user can
determine what types of toxic chemicals are used in the
process (see Table V for the flash copper process).
Environmentai Impact information, 2 third type of
analysis, is an extension of data summation, in that the
suramation is perfermed first and that information is
used by the impact analysis models to calculate the
relative environmental CONSeqUENCEs of the items se-
lected for analysis. The user selects any number of
operations or components 01 both to compare. It gener-
ally makes more sensetocompare operations to operations
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" Table V
Material Summation for a Given Process—+lash Copper
Type Nerme [1s] Cyln Gy Cut QiyFug TRL ISW cn Treet ‘O0P Fely ReUs ReSe Eng Gb Led Spec Air  Womer
meedd pob_cearn 4702567 A5T20 46720 820 02 03 0D 10 000 500 906 500 500 0 500 500 500 90
ma'eqd copper 003 0.0 10 o0 00 10 o8 p0 000 500 500 500 500 500 500° 500 500 500
matrid o 38 4702866 U790 MI0 00 o4 00 00 10 000 300 900 500 500 100 500 500 500 900
maexid modes 4520006 1070 08 o0p 10 00 00 00 000 900 100 500 500 100 900 500 100 500
meedd b 28071 20 20 00 04 06 00 10 000 500 500 500 500 500 500 500 900 200
matecial coppersd 702065 qu80 4380 00 02 08 WO 02 000 900 500 500 S0 SO0 500 500 500 900
meedd sodum_per EBIBS 10 {010 280 L0 00 10 g0 060 500 500 500 500 500 500 500 500 500
maedd  suknic_ e 4528351 G510 65510 00 09 00 00 10 000 500 S00 500 500 400 500 500 900 9.00
vlal fash copp W40 ARD WYRo 1800 87564 10794 13010 a5 000 548 634 500 500 549 508 500 687 883
] Tabie Vi
The Comparative Environmental Impact of Several Processes
Type Name (5] Oyln QiyQut GtyFug TRI  ISW  kgin  Trest CDP Rou Pels ReSe Eng Gob Lmd Spec Ar Water
ot chemical o 39734840 AGGGAN 10406630 S50 24685 25830 340 10380360 000 102 102 500 101 101 40 101 102 102
wial  laminger 39734850 440 140 00 140 140 00 00 000 SO0 800 500 50 500 500 500 500 100
el bron_ckd 397348190 {59700 159776 W00 @7 8855 520 1517685 0.00 115 144 500 103 101 108 108 108 118
w5 mechios o 29TMXN 11100 §760 2980 &850 550 &00 00 002 900 475 500 4% 849 500 500 BT 484
Impact Ansiysis
Environmental Protection Rescurce Menagement Eco Developiment

chemicd_c-397T343-40 0485 0325 0.19%
\aingie_-397345-50 2083 013 o2
Beown, o3d-297348-150 0217 0.150 0125
mechine_so-387349-130 0245 034 0401

and components to COMpPOTEnts but the flexibility exis:
to compare operations with components. Table VIshow
the comparison of the _environmental impact for fo
operaiions. Figure 8 shows the results in a bar grar
form. In this case these operations are not sirnilar
competing; EcoSys™ supports analysis of like or unii:
processes ot products—this feature isareflection of
broad range of motivations of users for applying a tc
like EcoSys™. (A mare typical scenario might invel
analyzing three different soldering operations to det¢
mine the one with the least environmental impact.) T’
results shown above illustrate the implications of diffc
entenvironmental views whenconductingenvironmen’
assessments. According to the Environmenial Prot:
tion.view, the chemical cleaning process has the high.
relasive environmental impact by nearly 2 factor of &+
Tnt the Resource Management case, chemical cleaning
nearly equal to machine soldering. In the Eco-Devels
ment view, soldering has nearly twice the impact of
other process.

Preseniation of the tabular data surnmation res.
rnay then be used to gain an understanding for the w2:
observed from the impact analyses. For example, as s-
in Table VI chemical cleaning yields orders of maz
tude more waste than the other processes.
Environmental Protection view weighs waste prov
tion heavily, so this result is not surprising. On the ¢t
hand, environmental attributes for chemical clear
such as global warming and land use have low vzl
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Figure 8, The results of an impact analysis shown in bar graph form.

These attributes are weighed higher in the Eco-Develop-
ment model, contributing in the low relative impact of
chemical cleaning according to this view.

SUMMARY

EcoSys™ is an autornated assistant for manufacturing
engineers atternpting to design and fabricate products
under environmental constraints. We discussed the de-
tails and use of the environmental models available for
the human experts. We also showed how interviews with
human manofacturing experts led to the design of a goal-
drivenrule basedreasoning system to support the problem
solving. Finally, we offered a number of examples that
detailed the types of analysis possible with EcoSys™.
Our ongoing work, while engineers continile to use the
first version of our systerm, is (1) to increase the precision
of the environmental attributes database and (2) to ex-
tend the product—process database to support a wider
set of product analyses. Based on feedback from our
current users, we are also continuing to improve the X-
window user interface,
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