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It will be shown that a modelling
approach for the conceptual de-
sign of products that considers
the environmental aspects of all
phases of the product’s life-cycle
is still needed. Next, a taxonomy
of the various categories of envi-
ronmental aspects is developed
and the options for incorporating
these into the planning of the
early phases of product develop-
ment are highlighted. In the fol-
lowing article, a new modelling
approach is introduced to fill the
gap and its usefulness is shown
in a case-study of a pencil-sharp-
ener. For the task of implement-
ing the disposal phase’s costs in
the mathematical model two op-
tions are compared that differ in
the level of detail on the one
hand and in the amount of work
needed for the analysis on the
other hand. The case-study’s re-
sults show that even in the early
stages of product development, it
is possible to include the consid-
eration of the environmental im-
pact into the decision process
and that the resulting conceptual
design exhibits these environ-
mental considerations in the

choice of the configuration ele-
ments activated.

Introduction

In many industrial countries
an increasing environmental
consciousness towards prod-
ucts both by the legislative
and by the market can be ob-
served �Bullinger and Bopp
1998�. Moreover, there is evi-
dence that incorporating envi-
ronmental friendliness into the
design of products does not
necessarily result in higher
product costs, but rather can
lead to reductions in costs of
development, assembly, pack-
aging, service and disposal of
up to 50% �Bullinger and
Bopp 1998; Eichert 2000�.
Advantages in marketing and
technology leads from further
positive aspects of including
environmental issues in the
design of products �Eichert
2000�.

In general it can be stated,
that the implementation of
optimisation routines in De-
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sign for Environment �DfE� is
rarely done. Compared to a
manually conducted assess-
ment, the advantage of em-
ploying a planning algorithm
lies in the high number of
different design concepts that
can be evaluated. Especially
in the area of the early phases
of product development the
consideration of environmental
aspects in decision models is
often limited due to the lack
of information. However, the
early phases of product design
offer the strongest influence
on the environmental impact.
This article aims at developing
a framework for the consid-
eration of several environmen-
tal aspects in a mathematical
model that serves as the basis
of a planning algorithm.

First, a short literature review
will be given to demonstrate
the need for a modelling ap-
proach covering environmental
aspects in the conceptual plan-
ning of consumer products.
Second, a taxonomy of the
various categories of environ-
mental issues that are con-
nected to the product‘s life-
cycle is established and
options for incorporating these
in the planning of the prod-
uct‘s concept are highlighted.
Third, the prerequisites �the
modelling framework� and the
modelling approach itself will
be presented with the help of
a case study of the design of a
pencil-sharpener.

Literature review

A literature review in the area
of optimisation tools for DfE
revealed very little integration

of environmental aspects into
the planning in conceptual
design �see O’Shea 2002;
Hanssen 1996�. Most of the
approaches found in literature
employ a single aspect like
recycling costs �e.g., Spengler
and Rentz 1996�, disassembly
planning �e.g., Spengler and
Rentz 1994; Navin-Chandra
1993; Gungor and Gupta
1997; Lambert 1997; Johnson
and Wang 1995; Penev and de
Ron 1996� or waste reduction
�see Fu et al. 2000�. An opti-
misation model that spans the
complete product life cycle
can be found in CYCLOPS
�see Hanssen 1996�. The
model is based on a set of
matrices to compute an Envi-
ronmental Impact Index �EII�
as a weighted average of all
potential impacts of the vari-
ous product life-cycle phases.
Unfortunately however, by
combining the impacts of the
different phases into one
evaluation criteria the result-
ing model provides rather lim-
ited options for later analyses
of the design �e.g., for design
improvements or treating sin-
gle environmental impacts as
hard restrictions�.

The approach presented here
aims at incorporating not only
a single but various environ-
mental aspects into the con-
ceptual product design in an
adequate manner without com-
bining the information on the
environmental impact of dif-
ferent phases into one index
value. In the following, a tax-
onomy will be presented that
facilitates the analysis of the
ability to include DfE issues
in the evaluation of the con-
ceptual product design.

A taxonomy of the categories
of environmental issues in
design

So far, the aspect of recycla-
bility, which covers the issues
of dissassembleability and the
economical as well as the eco-
logical impact of the end-use-
options chosen, has attracted
the most attention within the
research community �see also
Ishii 1998�. To ensure a holis-
tic evaluation of the environ-
mental impact, a DfE-ap-
proach should also cover the
manufacturing, usage and dis-
posal phases �see Anderl et al.
1999�. Within all the phases
of the product life-cycle the
aspects of resource and energy
consumption, emissions and
waste in respect to land, water
and air, as well as noise gen-
eration have to be considered
�see Eichert 2000; Eyerer
et al. 1990; Schuckert 1996�.
Additionally, the phase of dis-
posal requires the integration
of the above mentioned aspect
of recylability as a criteria for
the environmental evaluation.
Table 1 exhibits the resulting
taxonomy, described by the
dimensions phases of the
product life-cycle and aspects
of environmental influences.

As the early phases of product
development have to be char-
acterised as highly qualitative
and undetailed, a short analy-
sis has to be undertaken to
decide which evaluation crite-
ria can be employed in that
phase. Following the philoso-
phy of life-cycle design, the
conceptual design elicits not
only the general realisation
principles for the product‘s
function as defined by the tra-
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ditional systematic design ap-
proach, but also potential pro-
duction and disposal
processes. Consequently, the
evaluation scheme can cover
all the entries in Table 1.

Case study: Design of a
pencil-sharpener

In the following, the design of
a pencil-sharpener will be
used to present the decision
process for generating envi-
ronmentally sound products.
To keep the size of the case-
study within the scope of an
article, a very small product
has been chosen. Therefore, it
is not possible to show the
complete functionality of the
approach. For more detail, the
reader is referred to O’Shea
�2001�.

Decision variables

As the feedback of the evalua-
tion information to the design
process is essential, the deci-
sion variables have to include
both the product representa-
tion and the environmental
structures. In the following,
first the decision variables
describing the product struc-
ture ��1� functional and fasten-
ing configuration elements and
�2� design attributes� and sec-

ond the decision variables de-
termining the environmental
influence outside the product
structure ��3� choice of pro-
duction process and �4� level
of disassembly� are presented.

Functional and fastening
configuration-elements
In existing decision models
for product design the deci-
sion variables of the product
structure are represented either
by quality elements �market-
ing oriented approaches� or by
technical solution elements
�engineering based ap-
proaches� �see O’Shea 2002�.
Here, the second scheme is
employed and the technical
solution elements, that repre-
sent the realisation of the
product’s functionality, are
referred to as functional con-
figuration elements.

The functional configuration-
elements are to be enriched by
fastening configuration-ele-
ments. These are inevitable for
the integration of environmen-
tal aspects, when questions
like disassembleability have to
be answered �see also O’Shea
1999, p. 49�. For every prod-
uct function and fastener one
or more configuration ele-
ments are developed. A com-
plete design concept then ex-
ists in every combination of

selecting one configuration
element per function or fas-
tener �see Figure 1�. Combina-
tions of configuration elements
that are incompatible with
each other are identified. In
Figure 1 these are represented
by a solid line connecting the
configuration elements in
question.

Design attributes
The selection of configuration-
elements often does not allow
for a sufficient evaluation of
the product concept´s func-
tionality, manufacturability,
environmental friendliness,
etc. Therefore, the approach
presented here employs design
attributes. The design at-
tributes �DMr,g,s � can give
more detailed information on
the functionality of a configu-
ration-element KEr,g �e.g., the
length of the lever for the
configuration element leverage
effect�, but can refer to the
manufacturing �e.g. thickness
of the level, to ensure it stays
within the working area of the
machines� or disposal process
as well. In general they repre-
sent values concerning the
geometry of the parts or mate-
rial properties. They are of
continuous �e.g., dimensions�,
integer �e.g. amounts� and/or
discrete �e.g. standard sizes�
and nature �see Table 2�.

manufacturing usage disposal
resource / energy consumption × × ×
emissions / waste land × × ×

water × × ×
air × × ×

noise × × ×
recyclability (dissassembleability;
environmental impact of end-use options

Table 1: Dimensions of environmental evaluation criteria
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Choice of production process
In case alternative processes
exist for the production of the
product’s components, the
choice should be left open for
the optimisation algorithm to
check against the various re-
strictions, that are formed by

the ecological aspects of the
environment �e.g. consumption
of resources and energy, emis-
sions, waste disposal, etc.�. In
so doing, it is possible to se-
lect the best process and to
achieve an optimal design.
One production process spans

all the manufacturing tech-
niques that are involved to
realise the configuration ele-
ment, e.g. process A: cutting,
milling, drilling, surface finish
and process B: injection
moulding �see Table 3; for the
example of the pencil sharp-
ener only one process per con-
figuration element is defined�.
To ensure that exactly one
production process per con-
figuration element is selected
and that only those configura-
tion elements that are cur-
rently selected to be part of
the product design get a pro-
duction process assigned to
them, constraints in the form
of special-ordered-sets �for
example: three alternative pro-
duction processes are repre-
sented by the binary variables
p1, p2 and p3; in so doing the
equation p1 � p2 � p3 � 1 can
ensure that only one produc-
tion process is selected �value
of that production process
equals 1�� are implemented in
the decision model.

Figure 1: Functions and alternative solution elements for the pencil-sharpener

KEr,g production process

KE1,1 ; KE1,2 ; KE3,1 ; KE3,2 ; KE4,1 casting

KE2,1 milling, drilling, punching

KE2,2 milling, drilling, punching, herdening

KE5,1 ; KE5,2 procured parts

Table 3: Production processes of the pencil-sharpener

No. KEr,g Name

1,1,1 KE1,1 number of leading devices

1,1,2 KE1,1 length

1,2,1 KE1,2 number of leading devices

1,2,2 KE1,2 length

2,1,1 KE2,1 number of blades per KE2,1

2,1,2 KE2,1 number of replacements

2,2,1 KE2,2 number of blades per KE2,2

3,1,1 KE3,1 length

3,2,1 KE3,2 length

4,1,1 KE4,1 length

Table 2: Design attributes DMr,g,s of the pencil-sharpener
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Level of disassembly
The evaluation of the product
or respectively its parts in re-
spect to its/their recyclability
involves analyses of the disas-
sembleability as well as of the
end-use-options applicable.
The disassembleability mainly
depends on the fastening
methods used to hold the
products’ parts together. As
these are already represented
by the decision variables of
the configuration elements, no
further variables need to be
introduced. However, the fas-
tening configuration elements
are to be described by param-
eters regarding their disas-
sembleability and the need for
tools for the actual disassem-
bly. The decision regarding
the end-use-options can on the
one hand be predetermined,
following a fixed strategy
�e.g., every part is landfilled�;
on the other hand, this deci-
sion can be subject to an opti-
misation run, during which the
optimal level of disassembly
is elicited. In the latter case
further decision variables are
needed: for the level of disas-
sembly a binary variable UDis

-

ass.n is used. Additional deci-
sion variables can be
employed to represent various
end-use options.

Decision model for Design
for Environment

The approach outlined here is
based on a decision model.
The target function aims at
maximising the benefit the
product gives to the customer
to ensure that the company
can compete in the market
successfully. The general
model structure, out of which
the environmental part alone
is shown here, employs a tar-
get-function that maximises
benefits to the customer to
ensure the product concept
meets the functional standard
of the market. The environ-
mental aspects �DfE� are rep-
resented by restrictions, as it
will be depicted in the follow-
ing.

Design for environmentally
friendly production
When manufacturing a prod-
uct, the consumption of raw
material and energy has to be
considered, which represents
the input side of the produc-
tion process. On the output
side of the production process,
the choice of technology can
have an influence on the level
of emissions, waste and green-
house gases that effect the
environment like air, water
and land. Figure 2 summarises
the above mentioned aspects
in a flow-diagram.

In many instances, limits are
given for these measuring ele-
ments by the government
�Steinhilper et al. 1996, p.
394�. In numerous other cases,
missing governmental limits
are replaced by company-own
limits that are part of an Envi-
ronment Management System.
In the decision model these
values are used as upper or
respectively lower limits of
inequality constraints. The
values on the left hand side of
these inequalities are based on
the value setting of the deci-
sion variables. For the exam-
ple of the pencil-sharpener no
environmental impacts are to
be expected within the manu-
facturing phase.

Design for environmentally
friendly usage
The use and disposal phases
can be regarded as competing
elements, e.g. when concepts
that prolong the use phase are
based upon chemical proc-
esses that change the material
properties in a way that limits
the options of recyclability.
The approach presented here
gives priority to the prolonga-
tion of the product’s usage
phase over ease of recycling if
consumer goods are regarded.
Therefore, the length of the
usage phase is part of the
evaluation criteria in the target
function.

Design for environmentally
friendly disposal
DfE related to disposal phase
spans the control of the con-
sumption of the ingoing
streams of raw material and
energy and the outgoing
streams of emissions, waste
and greenhouse gases similar

Figure 2: The production phase’s influences on the ecology
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to the phases of the produc-
tion process and usage, as
well as the issues of the recy-
clability of the product �see
Figure 4�. The restrictions
imposed by the ingoing and
outgoing streams of energy
and material form constraints
in the decision model as pre-
sented above.

In respect to the issues of re-
cyclability, the following as-
pects have to be considered. If
the recycling of the product as
a unit cannot be undertaken,
then the recyclability of the
product is determined by the
recyclability of its components
as well as by its disassemble-
ability. Besides the monetary
aspects of recycling, other
DfE metrics might be consid-
ered �see Hopfenbeck and
Jasch 1995, p. 120 ff.; Barg
1991, p. 68 a. p. 71; Bullinger
and Bopp 22.01.1998, p. 9;
Nissen and Toberer 1993, p.
89�:
· number of different material

types; homogeneity

· ability to be combined with
different material types

· harmfulness of the material
· disassembleability; number

of insoluable fasteners; type
of fastener

Due to the low level of detail
of the information available in
conceptual product design, the
modelling approach presented
here, is limited to DfE metrics
like:
�a� number of critical ele-

ments or respectively fas-
teners �for a fixed level of
disassembly�

�b� number of insoluable ele-
ments or respectively fas-
teners �for a fixed level of
disassembly�

�c� number of elements not
disassembled �for a vari-
able level of disassembly�

�d� number of different mate-
rial types �for both strate-
gies of a fixed and a vari-
able level of disassembly�

These and further indicators
can be implemented in the
decision model as restrictions.

Again for the example of the
design of a pencil-sharpener,
no specific constraints are to
be considered.

Monetary aspects of design
for environmentally friendly
disposal
As there is a growing interest
in including the disposal phase
into the responsibility of the
manufacturer, a modelling
concept for the disposal costs
and their integration in the
manufacturing costs of the
product is introduced here.
Until now, this aspect has
rarely been considered in deci-
sion models for product de-
sign �see note 1�. According
to the hierarchy of end-use-
options �see Kriwet 1994, p.
36; O’Shea 1999, p. 77�, the
value hierarchy that is dis-
playd in Figure 5 can be de-
rived.

The differences of the options
mentioned in Figure 5 can be
found in the reservation or
respectively non-reservation of
the initially intended usage or
respectively originally applied
manufacturing process �Barg
1991, p. 64�:
· reuse: secondary usage for

the original purpose
· re-utilisation: secondary us-

age for a different purpose
· recycle 1. order: secondary

application of the original
manufacturing process �e.g.
aluminium can ⇒ alu-
minium can�

· recycle 2. order: secondary
application of a different
manufacturing process �e.g.
newspaper ⇒ cardboard
box�

Figure 3: The usage phase’s influence on ecology

Figure 4: The disposal phase’s influences on the ecology
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The reuse of the product as a
whole for the original purpose
reserves the greatest part of its
initial value. However, the
option to reuse the product as
a whole implies that the prod-
uct is in a good enough state
to be restored. As an alterna-
tive, the product can be land-
filled, not restoring any value
but on the other hand incur-
ring costs for the disposal.
The disassembly of the prod-
uct leads to a reduction of the
value compared to reusing the
product as a whole; on the
other hand, it is possible that
higher value end-use-options
can be applied to single ele-
ments of the product than can
be applied to the product as a
whole �e.g. a car that has been
damaged in an accident as a
whole can only be landfilled,
disassembled single parts like
tyres, seats, radio etc. can be
reused for their initial or a
different purpose�. As the end-
use-options of a product as a
whole greatly depend on what
the state the product is in
when the product is returned

at the end of its usage phase
and therefore are affected by
the way the product has been
used and/ or repaired, aspects
that are unknown in the phase
of the conceptual product de-
sign, the approach presented
here concentrates its efforts on
the analysis of product parts.
Thus, a certain level of disas-
sembly is taken for granted
here.

Due to the low level of detail
of the information at the early
stages of product develop-
ment, the following issues
only will be integrated in the
modelling concept
�Meerkamm and Rosemann
2000, p. 17�:
· material types used
· fastening technologies im-

plemented
· principle assembly structure
· connecting parts in the prod-

uct structure

According to Spengler �1994,
1996�, the modelling of the
disposal costs of a product
includes the integration of

recycling values and restora-
tion costs on the one hand and
the disassembly costs on the
other hand. The recycling val-
ues or disposal costs are influ-
enced by the principle assem-
bly structure, including the
choice of the fastening tech-
nologies, the material types
used, the level of disassembly
and the selection of the end-
use-options. For the support of
the decision on the level of
disassembly, two different
methods will be introduced in
the following, �a� a strategy of
fixing the level of disassembly
before the analysis starts and
�b� a strategy of employing a
heuristic algorithm to deter-
mine a good level of disas-
sembly. By definition, the
strategy of a prefixed level of
disassembly as a very simple
but certainly simplifying
method implies the complete
disassembly of the product �as
far as possible�. The more
complex but on the other hand
more informative strategy
leaving the level of disassem-
bly variable, forces the intro-

Figure 5: The value-hierarchy of different end-use-options

ANALYSIS

17THE JOURNAL OF SUSTAINABLE PRODUCT DESIGN



duction of an additional deci-
sion variable. This represents
the level of disassembly
within the decision model. To
further give the product devel-
opment team the greatest flex-
ibility possible, the pool of
end-use options should span
all entries of Figure 5. In the
following, the simple case of
differing between recycling
and landfill only is applied to
ensure the scope of the article
is not exceeded. For this mod-
elling alternative a single bi-
nary variable per configuration
element is needed to indicate
whether the element is to be
recycled or not.

Fixed level of disassembly
In the case of a fixed level of
disassembly, every fastener
that can be disassembled, is to
be disassembled at the end of
the product’s life-cycle. Thus,
the resulting costs are not op-
timised and are probably a
little bit higher than the costs
that would arise when apply-

ing an optimisation algorithm.
This method should be applied
to simple and/or small projects
or when a rough analysis of
the end-of-life costs is suffi-
cient. To reduce the amount of
effort needed to conduct an
analysis of the life-cycle phase
of disposal, not all fastening
elements are scrutinised, but
only those that connect critical
product elements.

Def. 1: An element is called
critical, if it can nei-
ther be recycled on its
own nor in connection
with other elements of
the product.

In case the fastener that con-
nects a critical element to
other elements cannot be dis-
assembled, all elements that
are part of this assembly have
to be disposed of and disposal
costs arise. If, on the other
hand, the fastener can be dis-
assembled, the most valuable
end-use option available to

each element of the assembly
can be assigned and recycling
values as well as disassembly
costs have to be calculated.

Step 1: Highlighting of critical
elements
In the functional hierarchy of
product elements �see Figure
6� groups of homogenous end-
use options and material types
are searched for. Those ele-
ments, whose end-use option
or material type does not con-
form to or cannot be com-
bined with the mainstream
end-use option/material type-
combination of the product are
highlighted in the functional
hierarchy by a double-lined
frame.

Step 2: Analysis of fasteners
that connect critical elements
In the following, all fasteners
that connect critical elements
to other �critical� elements are
analysed. A dotted line repre-
sents the combination of a
critical element and a fastener,

Figure 6: Configuration elements in a morphological chart with highlighted critical elements and connecting fasteners
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if both exist in separate con-
figuration elements �see Figure
6�.

In the decision model, every
possible combination of a fas-
tener with a critical element
will be represented by an indi-
cating variable Uv

i. During the
course of the run of the solu-
tion algorithm this variable
holds the value of one if the
combination is activated �both
the critical element and the
fastener are selected� and the
value of zero if one of the
elements �either the fastener
or the critical element� is not
selected as part of the product
configuration. In case one
configuration element includes
both the critical element and
the fastener �e.g. injection
moulded pencil-sharpener con-
tainer with thread�, then the
variable Uv

i is set according to
the value of that configuration
element alone. Moreover, it is
possible that a critical element
is not connected to any fas-
tener at all, as the pencil holder
KE4,1. Consequently, no vari-
able is defined for that case.

Step 3: Determining the
recycling values/ disposal
costs and disassembly costs
After the indicating variables
Uv

i have been introduced, ad-
ditional information on the
disassembleability and the
need for tools for the disas-
sembly is necessary. For this
reason, the binary parameters
ui

disass. and ui
tool are imple-

mented �see Table 5�.

In the following, the variables
Uv

i are used for the calculation
of the recycling values/ dis-
posal costs RVr,g of the con-
figuration elements KEr,g and
the calculation of the disas-
sembly costs KDisass. �for the
example of the pencil-sharp-
ener, see Table 4�. A distinc-
tion should be made between
recycling values and disposal
costs that are material-based

and those that are part-based.
Therefore, Table 4 is organ-
ised into two sections.

It can be seen that for the ex-
ample of the pencil-sharpener
the selection of the critical
element ‘glue’ forms a restric-
tion, all the other critical ele-
ment/fastener-combinations
can be disassembled �see Fig-
ure 6�. When deriving the
equations, it has to be consid-
ered that other configuration
elements outside the critical
element/fastener-combination
can be affected �e.g., the com-
bination glue/hardened blade
has an impact on the housing�.
Following the strategy of a
fixed level of disassembly,
where every part that can be
disassembled is chosen to be
disassembled, the recycling
value RVr,g of every configura-
tion element KEr,g, except for
KE1,1, KE1,2 and KE2,2, can
be set to their most positive
end-use-option available �e.g.,
RV2,1 � 25; RV3,1 � �30�. The
recycling values of KE1,1 and
KE1,2 have to be left variable,
their values depend on
whether the critical element
‘glue’ is activated in the prod-
uct design or not. In case the
critical element ‘glue’ is se-
lected as a fastening element,
the housing cannot be sepa-
rated from the blade and
therefore has to be landfilled
�RV1,1 � �20�, if not the hous-
ing can be disassembled and
recycled �RV1,1 � 25�. The
RVr,g of KE2,2 can be set to
�20 as it cannot be disassem-
bled independent of whether
the configuration element
‘glue’ is selected or not. For
more detailed information on
the phrasing of the equations

KE RVRec
r,g DDisposel

r,g

Material-based

KE1,1 25 MU/WU −20 MU/WU

KE1,2 25 MU/WU −20 MU/WU

KE2,1 25 MU/WU −20 MU/WU

KE2,2 – −20 MU/WU

KE3,1 – −30 MU/WU

KE3,2 – −30 MU/WU

KE4,1 – −30 MU/WU

Part-based

KE5,1 0,01 MU −0,015 MU/WU

KE5,2 – −0,015 MU/WU

MU: monetary unit; WU: weight unit

Table 4: Recycling values/disposal costs of the configuration elements KEr,g

Uv
1 Uv

2 Uv
3 Uv

4

ui
disass. 1 0 1 1

ui
tool 1 0 0 0

Table 5: Parameter values ui
disass.

and ui
tool for the example of the

pencil-shapener
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in this and the following sec-
tion see O’Shea �2001�.

The calculation of the disas-
sembly costs can be conducted
on the basis of the number of
connections that can be disas-
sembled and the information
on whether a tool is needed to
perform the disassembly of
these connections.

Variable level of disassembly
As an alternative to the proce-
dure illustrated above, the
level of disassembly can be
left variable. This method
should be applied to complex
and/or large projects or when
a detailed analysis of the end-
of-life costs is necessary. Be-
sides the information on the
recycling values/disposal costs
of the configuration elements
and the costs of disassembly,
knowledge concerning the
product part assembly struc-
ture is used within the optimi-
sation. The product part as-
sembly structure is represented
by the so-called disassembly
hierarchy �see Figure 7�.

Step 1: functional hierarchy
versus disassembly hierarchy
During the conceptual product
design the configuration ele-
ments of the product are in-
dexed according to their func-
tional hierarchy. For an
analysis of the disposal phase
of the product this kind of
indexing is not optimal. Gen-
erally, the ability to reach a
product element for the pur-
pose of disassembly and recy-
cling is an important ordering
criterion. Elements, that can
be reached without the disas-
sembly of any other element,
are classified as level 0 ele-
ments. Furthermore, those ele-
ments that are only restricted
by elements of level 0, are
included in the level 1 of the
disassembly hierarchy, that are
limited by elements of level 1,
belong to level 2 etc. The re-
sulting order of elements is
depicted in Figure 7.

Step 2: Determining the
sequence of disassembly
The sequence of disassembly
is represented by the disas-
sembly index n and is derived
from the disassembly hierar-
chy. To accomplish this task,

the elements of a binding
character �they restrict other
elements in the disassembly
hierarchy� and those of a non-
binding character are treated
differently. Elements of a
binding character limit all
those elements that are posi-
tioned lower in the disassem-
bly hierarchy; consequently, if
an element of a binding char-
acter is not disassembled, all
following elements cannot be
disassembled either and it is
likely that recycling is not
possible. On the other hand,
elements of a non-binding
character are not to be in-
cluded in the sequence of dis-
assembly, as they do not re-
strict the treatment of any
other element. Starting with
the highest level in the disas-
sembly hierarchy �level 0� and
within each level working
from left to right, every bind-
ing element is indexed and
thus the sequence of disassem-
bly is fixed �see note 2�. In
the following, it has to be
documented for every element
n, whether it can be disassem-
bled �parameter un

DHdisass.�1�
and whether a tool is needed
if the disassembly is carried

Figure 7: Disassembly hierarchy of the pencil-sharpener
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out �parameter un
DHtool�1�

�see Table 6�.

Besides products with a single
sequence of disassembly, more
complex products can include
groups of elements, that can
be disassembled parallel to the
main disassembly sequence
�for more detail see O’Shea
2002�. Especially for products
with a high number of ele-
ments, the analysis of the se-
quence of disassembly can be
very complicated to conduct.
In those cases, a structured
approach to elicit natural
groups, that enable parallel
disassembly, and consider a
high number of disassembly
constraints is necessary, as it
can be found in O’Shea
�1999�.

Step 3: Determining the level
of disassembly
For the translation of the func-
tional hierarchy into the disas-
sembly hierarchy a relation-
ship of identity of the binding
configuration elements and
their positions in the sequence
of disassembly is imple-
mented, e.g., U1

DH � KE3,1

�see Figure 8�. Consequently,
the activation of a configura-
tion element KEr,g of the func-
tional hierarchy is passed into
the disassembly hierarchy au-
tomatically. Moreover, for
every binding element n of the
sequence of disassembly a
binary variable Un

Disass. is in-
troduced that represents the
decision, whether this element
is to be disassembled
�Un

Disass.�1� or not
�Un

Disass.�0�. The value as-
signment of the solution algo-
rithm is controlled by �a� the
resulting disassembly costs
and �b� the resulting recycling
values/disposal costs. In addi-
tion, the following constraints
have to be fulfilled:
�a� Only those elements can

be disassembled that have
been activated as a part of

the conceptual product
design solution.

�b� The elements that are po-
sitioned high in the se-
quence of disassembly
limit the disassembleabil-
ity of all elements that
stand below them.

The formulas for the calcula-
tion of the recycling values/
disposal costs RVr,g can be
derived on the basis of the
entries of Table 4 and the
value of the variable Un

Disass..
For Un

Disass.�1 the recycling
value is set to its most posi-
tive end-use-option available,
for Un

Disass. � 0 the value of
the parameter KDisposal is acti-
vated. First the formulas for
the calculation of the non-
binding elements’ recycling
values/disposal costs are to be
phrased. Ensuing, for every
position n of the sequence of
disassembly the formulas
needed for the calculation of
the recycling values/disposal
costs of the binding element n
itself and of all non-binding
elements that are directly con-
nected with the binding ele-
ment n are to be included in
the decision model.

n un
DHdisass. un

DHtool

1 1 0

2 1 0

3 1 1

4 0 0

Table 6: Parameter values un
DHdisass.

and un
DHtool for the example of the

pencil-sharpener

Figure 8: Sequence of disassembly of the pencil-sharpener
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The calculation of the disas-
sembly costs can be under-
taken according to the actual
number of parts selected to be
disassembled and the param-
eter values of uDHtool

n, which
indicate whether a tool is
needed to conduct the disas-
sembly.

Step 4: Implementation of the
end-of-life-costs in the
decision model
The procedures that have been
described in the step 3 of both
the strategy of a fixed and a
variable level of disassembly
deliver values for the recy-
cling values/disposal costs on
the one hand and for the dis-
assembly costs on the other
hand. In the following section,
there is a description of how
these values are included in
the mathematical decision
model for the conceptual de-
sign of a product. The recy-
cling values/disposal costs that
are material based are volume
dependent and are added to
the price component of the
material costs of the configu-
ration element KEr,g. Those
recycling values/disposal costs
that are not material based,
but refer to complete product
parts are included in the total
costs KKEr,g of the configura-
tion element KEr,g or in case
of externally manufactured
parts are added to the procure-
ment costs. The disassembly
costs are part of the overall
product costs K. The overall
product costs, including the
costs of the disposal phase,
are taken care of as a restric-
tion in the decision model to
ensure the consideration of the
economical impact of the vari-
ous end-use-options.

Step 5: Heuristic
determination of the level of
disassembly
The determination of the level
of disassembly is carried out
by a heuristic algorithm based
upon a Threshold Accepting
algorithm, that belongs to the
group of Mutation-Selection
procedures. The algorithm
described in the following
section ensures that the con-
straints outlined above are
fulfilled at any one time.

After the random generation
of an integer number, that rep-
resents the level of disassem-
bly in terms of the position
within the sequence of disas-
sembly, all variables Un

Disass.

with n � level of disassem-
bly are assigned the value of
one, all others �n � level of
disassembly� are assigned the
value of zero. Starting with
the first position in the se-
quence of disassembly n* � 1
it is checked �see note 3�,
whether that element is acti-
vated as a configuration ele-
ment in the conceptual design
of the product �UDH

n*�1 � 1?�. If
this is not the case, the algo-
rithm proceeds with the next
position in the sequence of
disassembly �n* � 2�. If on
the other hand, the element is
activated then the disassem-
blability is analysed
�Un*�1

DHdisass. � 1?�. In case it
cannot be disassembled, for
this and all succeeding ele-
ments the value of zero is as-
signed to the indicating vari-
ables Un

DH and the recycling
values are calculated on the
basis of the disposal costs. If
on the other hand the element
can be disassembled the vari-
able Un

Disass., that indicated the

decision on whether the ele-
ment n should be disassem-
bled, is analysed next. For the
value of zero �the element is
not to be disassembled�, the
procedure that has been intro-
duced for elements that cannot
be disassembled is applied,
�right wing of the process
chain in Figure 9�. In case the
element is to be disassembled,
the recycling values/disposal
costs for the current position
of the sequence of disassem-
bly are to be determined.

The procedure outlined above
is repeated for all following
positions of the sequence of
disassembly until the last posi-
tion n* � nmax is reached. The
cost determination procedure
closes with the calculation of
the disassembly costs of the
complete design.

After the cost calculations are
undertaken, an evaluation of
the current value setting of the
variables is performed within
the Evolutionary Algorithm
�see note 4�. Until the stop
criterion is fulfilled, this pro-
cedure is repeated and a good
if not very good solution is
derived by the mechanisms of
mutation and selection of the
Evolutionary Algorithm.

Results of the case study
�pencil-sharpener�

The target function employed
consists of a number of cus-
tomer requirements that are to
be achieved. The environmen-
tal impact of the product de-
sign is taken care of by con-
straints. As only a very
limited example can be shown
here, the consideration of the
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environment depicted in the
case study involved the mon-
etary aspects only. The exam-
ple decision problem of the
design of a pencil-sharpener

has been solved by a Muta-
tion-Selection algorithm, and
achieved extremely stable re-
sults. The configurational de-

sign chosen by the algorithm
is presented in Tables 7 and 8.

First of all, it becomes appar-
ent that that the environmen-

Figure 9: Determination of the level of disassembly

ANALYSIS

23THE JOURNAL OF SUSTAINABLE PRODUCT DESIGN



tally unfriendly configuration
alternative of using glue as a
fastener is rejected, even
though it fulfills the require-
ment of joining the housing
and the blade as well as a
screw does and is cheaper in
terms of manufacturing costs.
Second, the hardened blade is
favoured over the configura-
tion element of using replace-
ment blades as the hardening
of one blade is viewed to be
more positive than the selec-
tion of multiple blades, as
more material would have to
be used �see Figure 10�.
Moreover, the design concepts
incorporate a blade with two

sharp edges, so that even for
two leading devices �for two
different diameter pencils�
only one blade is needed �see
Figure 11�. Comparing the
results for the two different
strategies, it becomes obvious
that the results are similar.
There are small differences
though, showing that the strat-
egy of a variable level of dis-
assembly is superior to the
strategy of the fixed level, as
it resulted in lower costs for a
higher customer benefit.The
strategy of the fixed-level of
disassembly, which suggested
that is was not worthwhile to
disassemble the product at all,

is not confirmed by the results
of the optimisation run.. The
reason lies in the cost struc-
ture of high disassembly costs
and low material worth cho-
sen. Thus, money could be
saved by not disassembling
the product. The money saved
was furthermore used to im-
prove the product’s functional-
ity and in so doing the cus-
tomer-benefit of the design
was increased.

target value (= customer benefit) 915,9133

costs 4,997

conceptual structure KE KE1,1 � 1 (housing with a structured surface)
KE2,2 � 1 (hardened blade)
KE3,1 � 1 (container)
KE4,1 � 1 (pencil holder)
KE5,1 � 1 (screw)

DM DM1,1,1 � 2 (number of leading devices)
DM1,1,2 � 25 (length of theehousing)
DM2,2,1 � 2 (number of blades)
DM3,1,1 � 100,3632 (length of the container)
DM4,1,1 � 100 (length of the pencil holder)

Table 7: Solution design concept for the strategy of a fixed level of disassembly

target value (= customer benefit) 921,417

costs 4,67

level of disassembly 0

conceptual structure KE KE1,1 � 1 (housing with a structured surface)
KE2,2 � 1 (hardened blade)
KE3,1 � 1 (container)
KE4,1 � 1 (pencil holder)
KE5,1 � 1 (screw)

DM DM1,1,1 � 2 (number of leading devices)
DM1,1,2 � 25 (length of the housing)
DM2,2,1 � 2 (number of blades)
DM3,1,1 � 107,4 (length of the container)
DM4,1,1 � 116 (length of the pencil holder)

Table 8: Solution design concept for the strategy of a variable level of disassembly
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Summary

With the help of a short litera-
ture review it could be shown
that a modelling approach for
the conceptual design of prod-
ucts that considers the envi-
ronmental aspects of all
phases of the product’s life-
cycle is still needed. A tax-
onomy of the various catego-
ries of environmental aspects
of the product’s life-cycle has

been developed and the op-
tions for incorporating these in
the planning of the early
phases of product develop-
ment have been highlighted. A
new modelling approach has
been introduced and its useful-
ness has been shown in the
case study of the pencil-sharp-
ener. For the implementation
of the disposal phase’s costs
two options of varying level
of detail have been compared,
showing similar results in the
general product design but
differing in the choice of the
level of disassembly and
therefore in the cost/benefit-
ratio of the design itself as
well as in the effort needed
for the analysis process. How-
ever, both methods produced
sound results and should be
considered useful in their area

of application. The case
study’s results exhibit that
even in the early stages of
product development it is pos-
sible and useful to include the
consideration of the environ-
mental impact into the deci-
sion process and that the re-
sulting conceptual design
expresses these environmental
considerations in the choice of
the configuration elements
used.

Notes

1 In Spengler �1996, 1994� a
mathematical formulation of
the disposal costs can be
found that is part of a plan-
ning algorithm for life-cycle
costs or respectively disassem-
bly. The conceptual stage of

Figure 10: The design of the pencil-sharpener

Figure 11: Detail drawing of the
blade with two sharp edges
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product design is not consid-
ered in his work. Hanssen
�1996� includes an index-
based implementation of the
life-cycle economy of design.
However, details on the reali-
sation of his approach are
missing.

2 In the following, a simplifi-
cation shall be used: it is as-
sumed that all succeeding ele-
ments are limited, even the
ones that are positioned right
of the element under study

that is positioned on the same
level. This simplification,
which has a small impact on
the accuracy of the results due
to the possibility to introduce
parallel groups, that run be-
sides the main stream of dis-
assembly, results in a much
simpler and faster solution
algorithm as the information
on which positions of the se-
quence of disassembly are
located on what level of the
disassembly hierarchy is not
needed.

3 *: current position in the
sequence of disassembly

4 This is done by comparing
the current value for the prod-
uct benefit �including a pen-
alty for exceeding the product
cost constraint� with that value
that constitutes the best solu-
tion reached so far. If the cur-
rent value is better than that
of the best solution, the old
best solution is replaced by
the new solution; if not the
old solution becomes the cur-
rent solution again.

Appendix

1. Indices

g : configuration element, g � �1, ..., gMAX�r��
i : ecologically unsound connecting part, i � �1, ..., iMAX�
n : position in the sequence if the disassembly, n � �1, ..., nMAX�
r : aggregated product function, r � �1, ..., rMAX�
s : design attribute, s � �1, ..., sMAX�r,g��

2. Variables

DMr,g,s : Value of the design attribute s of the configuration element g of the product func-
tion r

K : costs of the product
KDisass. : disassembly costs of the product
KDisposal : disposal costs for configuration element g of the product function r
KEr,g : Information of selection,

... whether the configuration element g of the product function r is selected, bi-
nary variable

KKEr,g : costs of the configuration element g of the product function r
RVr,g : recycling value of the configuration element g of the product function r
UDisasscompl. : Indicator,

... whether all positions in the sequence n of the disassembly n are selected for
disassembly, binary variable

Un
Disass. : Indicator,

... whether the position in the sequence of the disassembly n is selected for disas-
sembly, binary variable

Un
DH : Indicator,

... whether the position in the sequence of the disassembly n is activated, binary
variable

Ui
v : Indicator,

... whether the connecting part i is active, binary variable
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3. Parameters

Un
DHdisass. : Indicator,

... whether the position in the sequence of the disassembly n can be disassembled,
binary parameter

Un
DHtool : Indicator,

... whether a tool is needed for the disassembly of the position in the sequence of
the disassembly n, binary parameter

Ui
disass. : Indicator,

... whether the connecting part i can be disassembled, binary parameter
Ui

tool : Indicator,
... whether a tool is needed for the disassembly of the connecting part i, binary
parameter
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