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‘The problems arising from material usage,
high energy consumption and waste generation
urgently need engineering solutions to repair and

protect the environment.’

Engineering Council

‘70 - 80% of a products future environmental
impact can be determined during the early low-cost
design phase of its development.’

Design Council

Dedicated to environmental researchers past, present and future.



Abstract

Environmental concerns are now firmly on the agenda for engineers and designers. In recent
years an increasing barrage of legislation accompanied by the public’s increasing awareness of,
and concern for, the environment is forcing industry to respond.

Energy and resource consumption reduction have long been the concerns of industry but this
narrow view is no longer appropriate with much more complex life-cycle environmental issues
such as design for disassembly and environmentally conscious processing becoming apparent.

In response many tools have been developed in recent years to assist engineers and designers in
their attempts to address the emerging environmental problems. The most universally adopted
is that of Life-Cycle Analysis or LCA. This procedure assesses the complete life-cycle
environmental burdens of product or system with a view to evaluating and implementing
opportunities to effect improvements. The initial stages of LCA which include initiation,
inventory and impact assessment are well developed disciplines and standardised frameworks
are appearing. However the improvement stage of LCA, in which changes in design are
considered is currently an active field of investigation as attempts are made to develop efficient
and reliable methods.

The integration of LCA principles into current design and materials selection procedures, and
thus completion of the improvement stage, is a task which needs addressing. Methods exist in
the form of frameworks, guidelines, matrices and computer based tools, but all have drawbacks
and ‘blind spots’.

This research looks at the problems facing designers and engineers both in terms of
environmental concerns and the logistics of integrating these new concerns into current product
development practices. Environmental problems are reviewed and responsibilities and possible
solutions are identified. Environmental analysis procedures are explained and the process of
LCA is studied in detail. The development of environmental design is discussed which leads to
the presentation of the possibilities for integration of Design for the Environment (DFE) into
current practices.

Through a critical review of current practices in environmental design the following important
unfulfilled needs are identified: the difficulty in comparing different design options in
environmental terms; providing guidance in identifying appropriate product design strategies
for different products; helping to train/advise engineers and designers in the use of
environmentally sound products and materials and the development of tools which actively
offer advice to designers and engineers.

In fulfilling these needs this research presents a contribution to knowledge in the field of
environmentally conscious design and manufacture in three ways:

Development of a novel matrix-based method of environmental design,

Integration of environmental concerns into the materials selection process and

The development of a computer support tool for environmentally conscious design and
manufacture.

Validation of the research is presented through examples and the conduction of a user survey.

Finally this thesis summarises the conclusions drawn from the research and identifies areas of
further work which will increase the knowledge base, scope and applicability of the work
carried out.
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Glossary of Terms

Artificial Intelligence (AI)

A branch of computer science concerned with the design and implementation of
programs which are capable of emulating human cognitive skills such as problem
solving, visual perception and language understanding.

Concurrent Engineering
Simultaneous design of all components of the product system including processes and
distribution networks. Concurrent design utilises an integrated approach using teams of
specialists from various disciplines.

Cradle-to-Grave
An approach to product design or analysis which acknowledges that environmental
concerns may emerge at any stage of the products life cycle. A full cradle-to-grave
approach will span from extraction of raw materials at source to the eventual disposal
of the product.

Design Matrices
Paper based design tools which uses a matrices to allow the consideration of the
sometimes complex interrelation of different design requirements and product life-
cycle stages

Design for Environment (DFE)
The process of considering all the possible environmental implications of a product or
system using the principles of concurrent engineering. DFE can be considered as both
an explicit concurrent engineering imperative and an underlying theme running through
all DFX disciplines.

Design for X (DFX)
Design for X. An approach to implementing the principles of Concurrent Engineering.
It focuses on a limited number of vital elements at a time. X may be assembly, quality,
environment etc.

Eco-Indicators

A method of attributing environmental impact to a material, product or system. Eco-
indicators may be a single overall figure or may be presented as a number of separate
elements.

End-of-Pipe Strategies

Reactive rather than proactive measures. E.g. treating waste water rather than trying to
prevent its occurrence.

Environmental Auditing

A management tool comprising a systematic, documented, periodic and objective
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evaluation of how well the environmental organisation, management and equipment are
performing

Environmentally Conscious Design (ECD)

Design considerations are flavoured from the very conceptual stages so that the product
is developed in an environmentally conscious manner.

Environmentally Conscious Design and Manufacture (ECDM)

A progression of ECD along the design model and into the manufacturing process. The
design of products will have an effect on the manufacturing processes used.

Environmental Impact Assessment (EIA)
A decision making process that attempts to define the environmental consequences
associated with specific actions before that action is taken and potentially irreversible
adverse environmental changes result.

Expert Systems (ES)

A computer program that represents and reasons with knowledge of some specialist
subject with a view to solving problems or giving advice.

Green Design
General term usually used to mean environmental design. Green design considers one
or a number of environmental issues in isolation. It does not consider the
environmental impact of the product as a whole.

KADS Methodology
A structured methodology for analysis and design of knowledge-based systems.

Knowledge-Based Systems

Any system which performs a task by applying rules of thumb to a symbolic
representation of knowledge.

Life-Cycle Assessment (LCA)

An accounting system for assigning specific costs to a product or system within a
physical life-cycle framework.

Material Indices

A system of representing constraints related to mechanical function such as strength or
stiffness used in materials selection exercises.

Materials Selection Charts
Charts used to plot material indices, thus allowing a graphical representation of the

relative performance of a given group of materials.

xiv
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Maximum Allowable Concentration (MAC)

A system of representing the safe limits of pollutants in air. Can be used in the
calculation of eco-indicators.

OvD
A system of representing the safe limits of pollutants in water. Can be used in the
calculation of eco-indicators.

Pollution

Any by-product or unwanted residual produced by human activity. These residuals
include both hazardous and non-hazardous substances released to all media.

Product Classification

A system of identifying the characteristics of a product which will affect the impact it
has on the environment at each life-cycle stage.

Product Life-Cycle

All aspects of the manufacture, use, servicing and disposal of a product. Beginning
with the extraction of materials and ending in the eventual disposal of the product.

Sustainability

The ability to meet our current needs without compromising the ability of future
generations to meet their needs.

System Boundaries

A definition of the extent of systems or activities. These boundaries are used in LCA
and dictate the areas for design and analysis.

Units Acidification

An aggregated method of presenting the contribution of a product or system to the
occurrence of acid rain. Calculated from the amounts of the pollutants which are
known to cause acidification. Presented as a single figure to allow easy comparison of
different cases.

Units Polluted Air

An aggregated method of presenting the extent of pollution to the atmosphere created
by a product or system. Presented as a single figure to allow easy comparison of
different cases.

Units Polluted Water
An aggregated method of presenting the extent of pollution to water created

by a product or system. Presented as a single figure to allow easy comparison of
different cases.
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Engineering and the Environment

1.1 Background

With the beginning of the industrial revolution in the 18th century, the whole idea of our ability
to produce and consume goods changed. We could make much more than we had ever been
able to before. Utilisation and consumption of resources were the main aim and the age of mass
production was born. One of the major driving forces behind this revolution was engineering
and that revolution continues to this day - but with a difference. As early as the 1880s Ruskin
was warning of the effects this had on the environment. Now society has recognised that our
production and consumption of goods and resources must be reconciled with environmental
imperatives: such as air quality, water quality, waste management and resource conservation.
This realisation is changing the priorities and agenda of engineering.
The fact of our very existence consumes massive amounts of resources and degrades the
environment around the world. Products and services once seen as a luxury are now deemed
‘essential’ by much of the developed world and it is this increase in consumerism that has lead
to an increase in demand, consumption, pollution and waste. Alders (1991) cites a report
published by the National Institute of Public Health and Environment in December 1988
entitled ‘Concern for Tomorrow’, an overview of the environmental problems in the
Netherlands. The conclusions were:
¢ Emission discharges of numerous compounds and substances must be reduced by between
70 and 90 percent on current levels;
e this could not be achieved by using the available technical end-of-pipe measures;
o other measures were required to affect the changes in peoples behaviour patterns.

There is much support for this with works by the likes of Burall (1991) and MacKenzie (1991)
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both of whom identify the need for changes in the way we produce and consume in order to

curb environmental problems. Mendias & Sliter (1994) also argued that these new

environmental concerns ° ....necessitates that another element be added to the design,

manufacturing testing and maintenance of products’ Starting in the late 50s and in later

publications Papanek (1971) said ‘by creating a whole new species of permanent garbage to

clutter up the landscape , and by choosing materials and processes that pollute the air we

breath, designers have become a dangerous breed’.

Alders (1991) then goes on to say that in order to achieve the objective that

‘within the period of one generation we must solve our environmental problems and we must

put an end to the process, whereby we transfer our problems elsewhere or shift the burden to

the shoulders of later generations.’

The following significant principles should be added to the basis of environmental policies:

1. Integrate life-cycle management, aimed at closing the cycle from raw material to product,
with as few leaks as possible.

2. Energy conservation, aimed at reducing the overall consumption of energy from non
renewable sources.

3. Enhancement of quality, aimed at increasing the time spent by materials in the cycle of
production and products.

Although Alders work was originally carried out in, and aimed at, the Netherlands his

principles are now accepted throughout the developed world. However it is now generally

accepted that life-cycle management should close the cycle from raw material and beyond the

production stage to disposal.

Banks (1976) stated ‘Protection of the environment and preservation of environmental

resources to the maximum feasible degree are highly important to man’s future well-being’,

and now many engineering organisations are now beginning to recognise this. Forrest &

Szekely (1991) discussed the apparent environmental problems and possible solutions being
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adopted by the primary metals industry. Not only the metals industry are in the spotlight as
Guyot (1994) showed with her review of the strong environmental opposition facing the
plastics industry. People want, and indeed need, products and services. Hindle & Payne (1991)
summarise this by stating ‘People want products which do the job for which they have been
purchased, and which are easy and convenient to use. They also want products which are
absolutely safe and which do not impact on the environment in any way. The problem for
society is that there is no way in which this Utopia can be achieved.” The key to the problem is
to keep a balance between environmental considerations and other actions needed to improve

the overall ‘quality of life’.

1.2 Environmental Problems

It has only been in recent years that we have realised the effect that our actions are having on
the environment and the diversity and complexity of these problems is bewildering.

The main areas of concern are: air pollution, land contamination, water pollution and non-

renewable resource consumption. Within each of these are a number of particular problems.

1.2.1 Air Pollution

By releasing pollutant gases into the atmosphere we insulate the earth and prevent some of the
suns heat from escaping (CO, & NO,: the greenhouse effect), damage the ozone layer which in
turn reduces protection from ultraviolet radiation (CFCs: ozone depletion) and produce acidic
rain which leads to deforestation (SOys & NOys). Clearly there are a number of direct or
consequential public health issues which are also important here. The effect of particulates in
the form of dust and smoke also have a great effect on our everyday lives as well as the eco-
systems around us. Most manufacturing industries contribute significantly to this particular

pollution problem as does power generation (coal and oil fired power stations) and also traffic.
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such as abnormal skin colour, damage to the immune system, slowing of the conduction of

nervous impulses, interference with respiration or chromosomal abnormalities

1.2.4 Non-renewable Resource Consumption

The problem of using non-renewable raw materials has been highlighted by predictions that our
reserves of oil, natural gas and coal will not last indefinitely. Indeed at the current rate of
consumption it seems that these resources have a very limited life. The search for new
sustainable sources of raw materials is already underway. Most of the materials used in
engineering utilise non-renewable resources. We have finite amounts of iron and aluminium
ore etc. and we must take this into consideration we making new products. It has been
suggested that throughput of materials and energy need to be reduced by a factor of twenty or

more Manzini (1994).

All of the environmental concerns outlined above are an integral part of the process of
engineering. Table 1.1 contains more detailed information about pollutants and their effects.
Through careful design and development programmes ‘Engineers have the potential and the
duty to be major influence in the achievement of the primary goals of the future: a sustainable
habitat for all life, and one that continues to allow mankind to achieve his potential and to

enjoy the process of living’. WFEO (1992)
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1.3 Possible Solutions

In order to reduce the environmental effects of our actions we must first start by assessing and
identifying their effects. Every industrial, and many non-industrial, activity being carried out in
the world today has a very definite effect on the environment in which we live. There are a
number of ways in which we can try and provide solutions to our environmental problems and
a specific order in which we should carry them out. First on the list is Environmental Auditing:

this is a well established discipline.

1.3.1 Environmental Auditing

‘A widely used definition of Environmental Auditing (EA) states that it is a management tool
comprising a systematic, documented, periodic and objective evaluation of how well the
environmental organisation, management and equipment are performing.” Mumma (1995).

An EA programme helps to identify potential and actual environmental incidents and ensures
that mechanisms and management systems exist to allow a pro-active approach to the
environment.

It is usually a corporation level action and is concerned mainly with the structure around which
an audit is carried out. In the UK the procedures for auditing are contained within the British
Standard B7750 and the newly written ISO 14000 series of standards. EA and its associated
management strategy are very closely linked to those of quality with BS 7750 being based
around the British Standard for Quality Management Systems: BS5750.

There are many stages to an EA each of which have specific structures too detailed to discuss
in this work. Lloyds Register (1992) have summarised what is needed by an EA programme in

order to achieve environmental excellence:

e ensuring that the organisation has a clear understanding of the impact that its processes,

products and waste have on the environment.

10
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e demonstrating that procedures, systems and responsibility for action exist to protect the
environment - staff have to be empowered to act

e providing evidence that action to protect the environment is taken at all levels in the
organisation

o identifying and assessing pollution that may have been caused by normal operation,
accidents or third-party activities

¢ demonstrating compliance with national and EC legislation as well as corporate policy.

Frienz (1989), Reed (1987) and Varney (1989) have discussed different aspects of EA;
planning & implementation, practice and benefits respectively. One very important area of EA
is that of presenting the results. If the results of the audit are not collated and communicated A
effectively then much of the impetus to be gained from the study can be lost. Rhodes (1986)
shows that there are a number of factors which should be taken into account when delivering
the results of EAs: fundamentals such as accuracy, clarity, conciseness, timeliness and tone.
Coverage such as directors, managers, environmental management and business area
management and finally, confidentiality.

In many cases it is the information gathered in an EA that will be the starting point for change
in the environmental policies and performances of many companies. Areas of environmental
concern highlighted by the audit can be looked at in more detail and plans for their
improvement drawn up. Emission of contaminated waste water may be excessive or energy and
material utilisation efficiency for specific processes may be unsatisfactory. Problems such as
these may be picked up by environmental audits and if rectified can result in a drop in
environmental impact. It is often the environmental impact of a particular process or system

which will dictate the seriousness of the problem and the alacrity with which it is addressed.

11
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The associated process of Environmental Impact Assessment is another of the possible solution
which can be adopted to help engineers move towards sustainable development. This will be

discussed in detail in a later chapter.

1.3.2 Legislation

The options for considering environmental factors in industrial practices discussed in the
previous sections are voluntary decisions on the part of the company or organisation involved.
This is with the exception of EIA which is ‘required by law for specific activities for the
biogeophysical environment and for human welfare.” Engineering Council (1994). Legislation
is in many cases the driving force which pushes organisations into action, and in the case of the
environment this is no different. Engineers and designers, as well as most other members of

industry have a duty to know the law and how it applies to them.

1.3.3 Environmental Legislation

Until the late 1980’s Town and Country Planning Law was the only comprehensive body of
law which dealt with the environment. Since then there has been a constant barrage of
environmental legislation from Europe and the UK. (Environmental legislation from other
countries and continents is used in the legislative process of Europe. For example the
Californian emissions regulations for vehicles are use by European car manufactures as past
experience has shown that these very strict regulations tend to be introduced in Europe at a
later date.) There is a large amount of environmental legislation applicable to industry as a
whole and just as much again which deals with specific industrial sectors. In general the
environmental legislation which affects industry covers, polluting emissions (air, water, land,
noise etc.), waste management and disposal, energy consumption and use of natural resources.
UK and European law are very closely linked with main UK legislation being driven chiefly by

laws agreed by the member states of the European Union (EU).

12
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EU legislation takes three forms Engineering Council (1994):

¢ Regulations enter directly into force in national law in Member States

¢ Directives bind Member States to achieving particular results but allow national
governments to decide on the way in which they are implemented.

¢ Decisions are binding in their entirety and are often used to commit EU Member States to

international agreements.

The main areas covered by legislation are: Air quality and emissions; Hazardous substances;
Water quality, pollution and treatment and particularly detailed legislation covering Waste
Management practices. Commenting on the UK experience Mumma (1995) points out that
“The main body of environmental law is currently contained in a few major statutes and judicial
decisions.” and summarises it in the following manner:

The Environmental Protection Act 1990 (EPA) makes provisions for integrated pollution
control, a comprehensive system of waste management, and statutory control over genetically
modified substances. The Water Resources Act 1991 and the Water Industry Act 1991 contain
the law on water pollution control while The Clean Air Act 1993 deals with the law on dark
smoke emissions. In 1995 the introduction of the Environment Act changed the administration
and responsibility for the enforcement of these laws with the separate bodies being brought
together into The Environment Agency.

The main driving force behind the legislation are the penalties imposed if the law is broken.
This in itself drives industry to make environmental considerations. Other laws such as Landfill
Tax and Integrated Pollution Control are also pushing industry to take a more serious attitude
towards the environment. But perhaps the biggest step in legislation is the move towards the
idea of ‘the polluter pays’ which is already being introduced in a number of European
countries. The main principle is that the producer becomes responsible for the product after

disposal ‘with a movement to return products to the manufacturer at the end of their useful

13
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lives.” Devon (1993).

It is strategies such as this which will push manufacturers to use materials which are recyclable
and to assemble them in such a way that they can be easily disassembled at the end of life.
Legislation rather than being a negative aspect of environmental management and design, can
be, if interpreted and anticipated correctly, the perfect platform for innovative change within
industry.

Through the introduction of legislation and a shift in consumer perception the demand for
environmentally friendly products and processes is increasing. Recent legislation shows a
general shift towards improving industries environmental performance and, as with most
legislation, the incentive is financial. Fines and levies will be imposed on offenders and in
some cases operations may be closed down.

Figure 1.1 summaries the regulatory process which is being put in place, to improve
environmental performance and keep industry competitive (Taken from ‘Towards
Sustainability’) Warmer (1996).

Many of the strategies that industry will have to adopt as a result of this legislation make good
economic and business sense. It is clear that those companies that can, and do, ride the
environmental tide will prosper; those that ignore it will surely suffer.

Legislation is constantly changing and being updated, however more detailed information on
environmental legislation may be found in books such as those by Mumma (1995) and Leeson

(1996) and papers such as those by Hermann (1994) & Holloway (1997).

1.4 Future Responsibilities

Burall (1991) argues that ‘now legislation to alleviate environmental problems is being
introduced in many countries, the effect on industry world-wide will be increasingly apparent.’

This is undoubtedly true and environmental consideration will no longer be a moral decision on

14
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FIGURE1

Regulatory Process to Promole Environmentally - friendly and Compatitive Industry
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Figure 1.1 The Regulatory Process to Promote Environmentally Friendly and Competitive
Industry

the part of individuals within organisations but will become a whole philosophy in itself.
Duncan (1995) identifies the first main step we need to take as ‘The first step towards a
solution is simply recognising the source of the problem.” This is the first step in the move
towards sustainable development which will not be easy. Dewberry & Goggin(1995) point out
that as a target, sustainability ‘consists of a broad range of external material and cultural
factors® and it is this which will be the biggest hurdle to overcome. It is, however, possible at
this stage to identify future responsibilities for engineers and industry as a whole. The
Engineering Council (1994), suggest that engineers have a responsibility for ensuring that:

e their own perception of environmental problems is as accurate as possible

o they are able to analyse different aspects of a problem and address the whole issue, not

15
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merely the point source problem;

they help reduce the imprecision and uncertainty associated with environmental issues, by
communicating using simple, consistent and accurate language in reports and presentations;
they should work closely with government, business, academia, environmentalists and the
public. They should learn how different participants perceive the environment and make
environmental decisions, and explore how to develop and communicate solutions to
common problems.

they achieve a balance between so-called ‘high tech’ (e.g. photovoltaic cells) and ‘low-tech’
(e.g. efficient charcoal stoves) applications for resolving environmental problems, aiming at
all times to identify the most appropriate solutions for particular circumstances.

they identify, as far as possible, all the facts relevant to an issue and explain the advantages

of alternative solutions so that these are understood by the deciding authority.

1.5 Chapter Summary

We have to learn from our past mistakes and engineers must now be prepared to attempt to

eradicate or reduce existing environmental hazards and to develop a wide understanding of the

impact of new developments. This chapter has outlined the pollution problems facing industry

and shown that the task of reducing our impact on the environment is by no means an easy one.

Some high level solutions such as auditing and legislation have been outlined and future

responsibilities of industry discussed briefly.

The following chapters of this work will go on to look at how these problems are being

addressed and suggest how to improve further our efforts to curb the ever growing

environmental problems we face today through careful design and development of products and

systems.

16
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Environmental Analysis

2.1 Introduction

Over recent years environmental analysis has been carried out in a number of different ways.
Many of these ways were very divergent and would deliver widely differing results for the
same study. In an attempt to tackle this methodologies for environmental analyses have been
developed and are reaching a stage of standardisation.

This chapter will look at the way in which environmental analysis is now carried out, point out

some of the limitations and attempt to predict how the techniques will develop.

2.2 The Cradle-to-Grave Approach

To asses the true effect of a product or system on the environment, consideration must be given
to all the stages of its life cycle. Focusing on just one or two of the impacts such as use or
recyclability will give an incomplete and misleading picture of its overall performance. The
cradle-to-grave approach acknowledges that environmental concerns may emerge at any stage
of the products life cycle. A full cradle-to-grave approach will span from extraction of raw
materials at source to the eventual disposal of the product (landfill, incineration or recycling).
The exact impact of a product or system may be impossible to assess and many research
institutions are attempting to develop cradle-to-grave eco-balance equations. It has been shown,
however, that although energy consumption is relatively easy to calculate with some degree of
accuracy other aspects of environmental performance are harder to establish. Attempting to
compare different types of impact such as water pollution and noise is very difficult and at
present no agreed set ways of comparison exist. Because of this it is very complex to compare

products with different environmental profiles.
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At present the cradle-to-grave approach provides a useful framework and checklist for ensuring
every aspect of the product is considered. It may become practical to consider only the areas of
greatest importance and ensure the performance of the others meet certain standards.

The most widely used technique for conducting ‘cradle-to-grave’ studies is Life Cycle Analysis
(LCA). LCA is basically an accounting method which will assess a given attribute or group of
attributes over the whole life-cycle of a product or system. It can be used to assess many facets
of a product but is usually linked with the assessment of environmental effects, and so in many

cases it is called Environmental Impact Assessment.

2.3 Environmental Impact Assessment & Life Cycle Analysis

Environmental Impact Assessment (EIA) and Life Cycle Analysis (LCA) are given many
names, ‘Environmental Assessment’, ‘Environmental Cost Attribution’, ‘Eco-balancing’ and
‘Cradle-to-Grave Assessments’. These are all terms which refer to a process described by Lein
(1992) as ‘a decision making process that attempts to define the environmental consequences
associated with specific human action before that action is taken, and potentially irreversible
adverse environmental changes result’. This is very much an ideal definition, in that in many
cases the EIA or LCA is carried out in retrospect thus only highlighting an existing problem.
Some see EIA as a separate and integral part of LCA, in that LCA has been defined by SETAC
(1991) as ‘The life-cycle assessment is an objective process to evaluate the environmental
burdens associated with a product, process, or activity by identifying and quantifying energy
and material usage and eﬁvironmental releases, to assess the impacts of those energy and
material uses and releases to the environment, and to evaluate and implement opportunities to
effect environmental improvements. The assessment includes the entire life-cycle of the
product, process or activity, encompassing extracting and processing raw materials;
manufacturing transportation, and distribution; use/re-use/maintenance; recycling; and final

disposal .” Rowcliffe (1991) has argued that ‘LCA is likely to become the most influential

19



ARSI VR A ASELV AR UARRIEWARLERL L RAASAR) oA

environmental management tool of the 1990’s.” Although SETAC have attempted to
standardise LCA it is still seen as ‘a developing technique without a universally accepted
methodology.” Holloway (1991) and it has also been shown by practical application that ‘Some
of the best known examples of Life Cycle Analyses are those for which the findings have been

hotly contested.” Holloway (1991)

2.3.1 LCA Techniques & Studies
As relatively little is known about the effects on the environment of certain systems and their
associated outputs, LCA or EIA can be used as a guidance tool to investigate and define ways
of reducing that burden. Such studies may provide the basis for a wide range of further work,
for example;

Eco-Labelling Schemes

Waste Minimisation Initiatives

Pollution Prevention Programmes

Eco-Design

Energy Conservation etc.
At present LCA is a developing science without a universally accepted methodology thus
different studies may deliver different results. When developing methodologies it is important
to remember the limitations of the process and the possible conflict of aims. However a study
of curreht LCA Methodologies adopted by different schemes, Beevers( 1993), Russel (1992),
Richards (1992), Boustead (1992), Boustead (1992), Shaw et al.(1992) has revealed that

there is a common trend developing.
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2.3.2 Carrying out an LCA

In order to carry out an LCA study all the stages of the system must be included from

extraction of raw materials to final disposal. A complete LCA involves three main steps

Boustead (1991):

1. measuring or calculating an inventory of the inputs and outputs from any industrial system,

2. identifying the link between the measured inputs and outputs and the environmental
parameter of concern,

3. Finding a solution to the problem.

Fussler (1993) has proposed that LCA studies consist of four basic elements known as the 4

I’s:

1. Initiation - define the scope, goal and system boundaries of the study

2. Inventory - carry out an LCA study of the product system

3. Impact - classify all the relevant environmental data and calculate actual environmental
effects

4. Improvement - having identified the areas for improvement, modify the design

specification.

Although it is accepted that LCA is still a developing discipline the most widely used standard
is that developed by SETAC and shown in figure 2.1

The scope of the LCA should include all the feedback loops which are apparent and deal with
both energy and material flow. As can be seen each process is a sink for either energy ,
materials or both. 'The core idea is to analyse the estimated life-cycle cost of the product.." Ishii
& Mukherjee (1992), in this case the cost is to the environment.

Once an LCA study has been carried out and all the stages of the complete cycle, including

inputs and outputs identified, Environmental Impact Assessment (EIA) may be utilised to
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assess the true cost of the product to the environment. EIA may be seen as a separate discipline

but is an integral part of any LCA study. The inventory stage of an LCA will identify all the

raw materials used, energy consumed and products discharged into the environment within the

boundaries of a specified system. To make use of the results they are categorised into actual

effects on the environment. Figure. 2.2 shows how an EIA will address the impact analysis

stage of the life cycle assessment. By grouping the different emissions and wastes generated by

a product system an EIA is able to present the amount of resource depletion, acidification of

water or atmosphere, ozone depleting emissions etc. and allows more meaningful interpretation

of LCA results. It must be remembered, however, that grouping data in such a way may lead to

valuable detail being hidden. Therefore it is essential that all the discrete data is available to the

concerned parties as well as any results that have been grouped or aggregated.
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Life-Cycle Inventory

Raw Materials Acquisition
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and Formulation
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T 317

Recycle

Waste Management

System Boundary

Outputs
Water Effluents
Airborne Emissions
Solid Wastes
Other Environmental Releases

Usable Products

A Technical Framework for Life-Cycle Assessments, SETAC Foundation for Environmental Education, Inc January 1991

Figure 2.1 The SETAC LCA Framework
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Energy Usage

Total Energy

Acldification
Greenhouse Effect

Ozone Depletion

Smog Generation

Acidification
Metallic Pollution
Chemical Contamination

Emissions | | Classification
Data Exercise

Liquid Waste

Energy Recovery

Material Recovery

Figure 2.2 Grouping Emissions using an Environmental Impact Assessment

2.3.3 Stages of an LCA

All LCA studies, independent of which method is used will involve the following stages:

2.3.3.1 Study Definition

Before undertaking any assessment study it is vital that the participating body understand what
can and cannot be achieved and how to achieve it.

Firstly the end objective must be clearly defined. The statement of the end objective should
cover all the stages of interest be they Cradle-to-Grave or otherwise and most importantly be
non-ambiguous. The sensitivity of the systems should also be defined e.g. Insignificant
emissions of less than say 5% may be omitted. As already mentioned different studies deliver
different results and recommendations, thus an end objective is needed to aid development of
the correct methodology and present the results of the study in the correct context.

After documenting the end objective the difference between the system and it products should
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be stated and the system boundary defined. A system is a 'collection of operations which
together perform some defined function and a product is the output of that system' Boustead
(1991). The system consumes energy and raw materials. The system environment is 'the source
of all the inputs and sink of all the outputs. In a true life-cycle analysis there is no useful
output’. Boustead (1991)

The definition of the system boundary is very important as all consumption's and emissions
occur within that boundary. Without proper definition the study may become 'lost' or
'meaningless' and the results obtained cannot be held within the appropriate context. 'The
choice of system, the definition of its boundaries and the identification of the component sub-
systems are the most difficult problems faced by the analyst’ Russel (1992) The system

environment may be represented as in Fig. 2.3

Outputs

System Environment

Figure 2.3 Definition of System Boundaries and Environment

The definition of the system boundary will involve elements such as :

1) Which wastes to include and in what order, impact measure, (toxicity etc.) quantity or
regulatory category.

2) Impacts of associated activities.

3) Consideration of avoidable impacts.

4) Economic impacts (if applicable).

5) First, second or third order energy analysis.
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2.3.3.2 Methodology

After clear definition of the system boundaries and its end objective, the methodology of
analysis must be considered. At present there is no standard LCA methodology but those which
have been used Holloway (1991), Assies (1992) and Russel (1992) show strong similarities
and a definite ‘direction’.

The starting point of any methodology should be the construction of a detailed flow chart. The
details identified in this chart should correspond only to operations for which data is available,
(defining steps with no known data can lead to a break down of the methodology).

A methodology can be separated into the following operations;

1) Definition of Objective and System Boundaries.

2) Construction of Flow Chart.

3) Collection of Data.

4) Assessment of Data.

5) Calculation.

6) Results Analysis.

7 Presentation of Results.

Each of these steps is equally important if the methodology is to succeed.

When completed the flow chart may be turned into a material balance. At this stage the
importance of defining the sysfem boundary becomes apparent. Without overall boundary of
the system there are an almost endless series of sub-systems each with their own boundaries
and material balances are needed across each and every sub-system boundary. As seen in figure
2.4 although potentially very complex, the material balance may be simplified somewhat and

consists of, basically inputs and outputs.

2.3.3.3 LCA Data

When finalised the flow chart will be the guide for data collection. Each of the stages in the
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diagram should be taken separately and the relevant data collected in as much detail as is
needed or is possible. Once again there is no fixed method for data acquisition but there are

two main approaches; Primary and Secondary Acquisition.

OUTPUTS

INPUTS (Mo)
(M) WASTE
- (Mw)
ENERGY
(E)
Mass Balance : Mi = Mo + Mw Normalised waste output = Mw/Mo
Normalised system energy = E/Mo Normalised raw materials = Mi/Mo

Figure 2.4 Material Balancing

Primary data acquisition (PDA) is actual monitoring of processes etc. This may be very
expensive and time consuming but can be made easier by the use of data questionnaires.
Questionnaires of a fixed format are distributed to manufacturers and completed by the specific
company carrying out that particular process Boustead(1991). It must be noted that data
gained by these means may not be of the required integrity and quality if the questionnaire
study is not monitored.

Secondary data acquisition (SDA) is the use of collated information resulting from the studies
mentioned above. Until recently data of good integrity had been difficult to find but as LCA
becomes more common place the required data will become more readily available. Boustead
(1992), Habersatter (1990), Steinhage (1990) and Geodkoop (1992). It is very important to
use a recognised source for study data. There should also be a certain amount of information
available concerning the data used such as:

o type of process (technology, system boundaries)
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o type of information (annual mean value for branch, industry average, random sample etc.)

e the age of the data

o source (The industry itself, environmental authority, literature etc.)

o the representivity of the data (best, worst or average technology)

e how allocations have been made (per kg, per tonne, per MJ etc.)

o the completeness of the information (have all emissions been included; what is missing;
which substances are most common in the summation parameters).

'To control the completeness of the information requires a degree of knowledge within the

field' Chalmers (1992).

2.3.3.4 Data Assessment and Calculation

The data assessment is the core of the LCA and the criteria on which the data is to be judged
will have a great bearing on the outcome of the study. Single Criteria options have been
adopted, as in the German 'Blue Angel’ Eco-Labelling Scheme, but it is becoming obvious that
such approaches are too simplistic 'As the complexity of real systems increase the inadequacy
of a single criterion methodology to help decision making has been widely admitted'..and...'
Decision making consists of the comparative examination of more than one alternative action.'
Diakoulaki & Koumoutsos (1991)

If the comparison is based on only one simplified criterion, or there is no comparison being
made, then the calculation of the data is simple. It is collected and represented in the
appropriate manner. (see 2.3.3.6 Presentation of Results).

The problem which arises with Multiple Criteria Analysis (MCA) is the confliction of the
different impacts and the essence of a good methodology is one which resolves this. MCA has
been in development over the past 15 years and today appears as one of the fastest growing
areas in operational research, Diakoulaki & Koumoutsos (1991) & Eyerer (1991), providing

a great variety of methodological tools to deal with vastly diverse problems.
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As with all LCAs it is very unlikely that a single product or process will be assessed. The real
advantage of LCA is in comparative studies aimed at finding the best alternative for an
application or, at a lower level, the best material / processing for a product. (‘Best' implies
resulting in the lowest environmental impact). The bare methodology of calculation is straight
forward and simple but an extension of the method is used in MCA This method involves
evaluating the differences ‘which exist among the performance of different actions with
reference to the spread of scores observed at a given criterion’, Diakoulaki & Koumoutsos

(1991).

2.3.3.5 Analysis of Results

The analysis of the results should include an ' evaluation of the reliability of the LCA as well as
an analysis of the environmental profile' Assies (1992). It must be noted that many LCA results
do not relate directly to environmental issues and must be interpreted with great caution. There
is currently no accepted way to present the results of a study, but the essential elements of what
is necessary are becoming clear.

A large number of parameters need to be described fully, the energy and raw material
requirements as well as solid waste and emissions to air and water should be included. This
data forms the basis of the required complete description. Combining data to reduce the number
of parameters seems the sensible way forward if we are to present results which are
comprehensible to non specialists. It is often meaningful to add data together for variables
which are measured in the same units, but it must be recognised that although summation may

simplify matters it may also may hide much of the detailed and valuable information.

2.3.3.5.1 Aggregation of Results
Aggregation or summation may clearly be applied to economic aspects and energy

consumption but in considering emissions to the environment the approach is less than clear.
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Some past LCAs have summed together all emissions to the atmosphere and water thus giving
the same impact weighting factors to very different emissions. 'This is obviously not
satisfactory but an ideal system is hard to define' Holloway (1991).

Weighting factors may be introduced, such as aggregation used in pollution classification,
Porteous (1992), EC Directive 76/464/EEC (1982) and Horvath et al. (1995) and emissions
then added together to give a total contribution to the environmental problem. However, for
many emissions the environment effects are varied and summation would be a complex and
inaccurate exercise. While a quantitative risk assessment can be appropriate and necessary in
gauging the effects of a particular product it would be an impractical exercise to produce
similar results for every emission for every step of a life cycle.

Currently the grouping which is used in LCA studies takes emissions to like media (i.e.
emissions to air or emissions to water) utilises a form of weighting factor for each specific
emission (e.g. carbon monoxide or nitrogen oxides) and produces groups of summed emissions
such as:

e Energy Usage.

e  Units Polluted Water (UPW)

e  Units Polluted Air  (UPA)

e Units Acidification  (UA)

e Solid Waste ( by weight or volume)

For example UPW would be calculated using the following equation:

UPW () = : Ammount of Emission_(mg)
" O.V.D (mg/m’)

Where:

x is the emission (e.g. heavy metals) and # is the total number of emission to water
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UPA would be calculated using the following equation:

UPA(m’) = 5 Value of Emzsszonz (mg)
" MAC (mg/m’)

Where:

x is the emission (e.g. SO, ) and » is the total number of emission to air

O.v.D norms are '...Dutch norms for maximum levels at the inlet of drinking water into
purification plants'. (In this work we are using the Dutch definitions as they are readily
available, but other documented legislative data may be used as it may vary from country to
country). .

MAC values are '...the definition of acceptable levels in working conditions by the Dutch
Labour Inspection', Goedkoop & de Keijser (1992) and are used for airborne emissions. If we
define polluted air or water as air or water which is lost to human consumption without first
needing treatment, then the MAC and O.v.D values offer comprehensive data for calculation.
These parameters will give an environmental profile of the product and processing which may
be assessed with relative ease. Where justified by its importance, a more detailed analysis of
one or more streams may be appropriate for a second more in-depth study.

If summation is considered to be too simplistic the most satisfactory approach may be to
identify the environmental problems that need to be considered and collect only the appropriate

data for analysis. A balanced course for the first pass of an LCA is :

Note quantitative data for emissions.

Sum data only where meaningful to do so.
® Note general environmental characteristics such as toxicity or persistence of material.

e Assign non-summable emissions to broad risk categories.
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2.3.3.6 Presentation of Results

When presenting the final results of a study it is of the utmost importance to show the actual

system and its boundaries such that the results may be viewed in context.

The results may be presented in many formats the two most useful of which seem to be:

1) Tables of actual data. - Table 2.1

2) Graphs representing data - Figures 2.5 and 2.6

The overall results presentation will consist of a table of listings giving emission name,
whether to air or water and actual amount emitted. Any waste products produced should be
listed and disposal routes outlined. E.g. If waste is to be recycled by incineration, and energy
recovery applied, it should be stated whether this energy gain has been included in the overall
energy balance calculation. Also included should be a list of materials / components for which

no environmentally relevant information is available.

Ammonia 0.005
BOD 70.3
COD 929
Cyanide 0.0109
Dissolved Organics 35.3
Dissolved Solids 384.5
Fe 1.0899
Fluorides 0.015
Fluorines 0.3609
HCI 20
Hydrocarbons 322.8
Lead 0.005
Metals 646
NHj3 0.0693
Na 0.001661
Nitrates 0.05021
0il 148.8
Other Nitrogen 11.8
Phenols 0.00327
Phosphates 0.048
S04 0.00036
Suspended Solids 417.9
Tar 0.01

Table 2.1 Table of Emissions Data
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Figure 2.5 Graphical Representation of Atmospheric Emissions Data
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Figure 2.6 Graphical Representation of Solid Waste Data
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If emissions have been summed and grouped, the group headings and values should be listed. A
graphical representation of these groupings can aid assessment of the system especially if there
are two or more products being compared.

It is of utmost importance if a grouping exercise has taken place, that a fully documented table
of ungrouped emissions is presented. This will stop any vital detail being hidden from the data

used in the summing exercise.

2.3.4 Limitations of LCA Studies

There are a considerable number of limitations and problems which may arise while

undertaking an LCA study. These problems may occur during any and all stages of the

exercise.

PREPARATION

o Definition of the end objective and system boundaries must be full and accurate.

e An understanding of how the LCA has been conducted is essential to a proper
understanding of the results.

e The flow charts constructed to represent systems must be comprehensive and accurate.

¢ Reliability of data may not be 100% especially if elicited through a second party.

METHODOLOGY

¢ Emissions which occur over a long period of time are difficult to assess. E.g. Emissions
arising from landfill.

e Non-renewable resources consumption is near impossible to assess at this time.

e Many assumptions used in the study are not supported by evidence.

RESULTS

e Summation of non-appropriate emissions can lead to conflicting results.

o There is a temptation to force results to a bottom line conclusion, which can lead to

results being harder for non-specialists to understand
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2.3.5 The Future of LCA

Overall discussions on LCA methodologies seem to be pointing towards a general method
which is bringing together the underlying similarities in present work.

That LCA is still in development does not imply that the full development of LCA
methodology has to be awaited before any further studies are carried out. A general framework
for LCA will bring more transparency to the routes that may be followed in conducting such an
exercise and give more impetus to the results, Assies (1992). Guidelines relating to different
applications of LCA should also be considered.

Although LCA is not a fully developed science the results being delivered are allowing us to
learn more about product life cycles and their effect on the environment and may result in a

positive impact on the development of new products.

2.3.5.1 Simplification of LCA

Billett (1996) has shown that the future of LCA may be the use of abridged or streamlined

methods. By making a number of assumptions the method of LCA may be simplified greatly.

Billett shows that typical assumptions may be:

e using expert judgement, ignore any part that is less than 5 per cent

e exclude leachate from the disposal phase

e exclude any other than first order problems during extraction

e use generic data where actual data is not available

He then goes on to offer a practical approach to LCA as:

e if data is available use generic data

o if data is missing use parallel study data if available

e If data cannot be found use related data you can obtain to make an engineering estimate of
the missing data

e If worst comes to worst use price as a basic metaphor for environmental impact.
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All these assumption will obviously have a large impact on the results of the LCA study but as
Billet (1996) points out ‘Although the assumptions made to streamline the life cycle analysis
must surely reduce the accuracy, one comes to realise that this is probably not all that important

because of the somewhat arbitrary nature of LCA in the first place’.

2.6 Chapter Summary

Given that agreement can be reached on the main stages of the Life Cycle Analysis, and this
looks very likely, LCA will emerge as an extremely useful tool in future design and production
exercises and should influence a wide ranging section of industry from packaging
manufacturers to civil engineers.

As this chapter has shown LCA is a complex but comprehensible tool which has an essential
place in environmental assessment and improvement studies. The technique is still under
development and has a number of limitations but standardisation is occurring and the tool is
becoming more widely used. Although through simplification of the method it may become
more widely adopted.

Whether it is called LCA, EIA or cradle-to-grave there is one thing that is certain about this
type of study, it is now an integral part of any environmental management or environmental
improvement programme. As Fouhy (1993) points out ‘Once dismissed as a public relations
ploy by environmentalists, LCA has become scientifically rigorous, providing a way to de-fuse
environmental debates by answering emotionalism with data.” This is certainly true but this
rigorous scientific approach may be the downfall of LCA. A balance must be struck between

practicality and accuracy.
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The Development of Environmental Design

3.1 Introduction

In the past environmental concerns were very often dealt with in retrospect. The problem was
only addressed after the event, using techniques such as LCA and EIA, and as a result was
much more difficult to rectify. Modern design and manufacturing techniques now attempt to
address problems before they occur through careful consideration of the whole life-cycle of a
product or system. This philosophy is characterised by the shift in recent years from analysis to
prevention in many aspects of engineering. This shift has been brought about by the recognition
of the disadvantages of traditional design practices and has lead to the development of

concurrent engineering.

3.2 Concurrent Engineering

‘Concurrent engineering grew out of the recognition that the traditional sequential approach to
the design and manufacturing process has serious drawbacks when applied to the modern day
product market place’ Barker (1995).

A large portion of a product cost is determined at the design stage hence organisations can
benefit by adopting a concurrent approach to pinpoint problems at this stage. Sohlenius (1992)
characterises concurrent engineering (CE) as ‘a way of work where the various engineering
activities in the product and production development process are integrated and performed as
much as possible in parallel rather than in sequence’, as does Carter (1994).

There are many considerations that may be addressed at the design stage. In, for example, a
mechanical based product these downstream fields will include areas such as manufacture,

assembly and so on. Financial cost is always an important consideration. Cha & Guio (1993)
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look at the way in which design decisions can affect the overall life-cycle cost of a product.

3.2.1 CE and the Environment

In the past environmental problems and design and manufacturing were treated very much
independently with little or no concern given to the environment during the course of product
development. As our understanding and awareness of these problems develops it is becoming
apparent that design and manufacturing can have a very immediate effect on the environment.
It has been accepted for many years that design dictates a large proportion ( up to 70%) of a
products cost, Andreasen et al. (1983), and it is not unreasonable to appreciate that a
considerable portion of the environmental life-cycle costs are also directly affected by the
design process. By consideration of the potential problems before they arise designers may
‘significantly reduce life-cycle expenditures, be they financial, environmental or otherwise.’
Holloway et al. (1994). This approach will eventually replace the current ‘end-of-pipe’
measures which have been the traditional way of dealing with environmental problems. Figure
3.1, Eco2-Irn (1994), shows how only 20% of the environmental impact of a product can be
addressed using end-of-pipe measures. (Interestingly it also claims that 80% of environmental
damage is caused by only 20% of the products currently in use, although these figures are not
linked to the former in any way). Most ‘environmental engineering’ however still focuses on
waste treatment processes and it has become clear that adopting an approach which attempts to
prevent pollution and waste during the design stages can be much more effective ,Hendrickson
et al. (1994). The integration of environmental concerns into the framework of CE is given

many names but is commonly known as ‘green’ design.

3.3 What is Environmental Design?

Terms such as Environmental Design, ‘Green’ Design, Design for the Environment and
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Environmentally Conscious Design are used alternatively to refer to a concept which has been
defined as:

‘Design carried out within current product development frameworks, that addresses all the
environmental impacts associated with a product or system throughout its complete life cycle,
with a view to reducing these impacts to a minimum but without compromising other criteria

such as function, quality, cost and appearance.’ Eco2-Irn (1994)

% Impact Committed

Y

Process

Conceptual -
Material ]

Figure 3.1 Effectiveness of End-of-Pipe Measures Eco2-Irn (1994)

When using the different terms relating to environmental design it is useful to specify their
place within the move towards sustainability. Figure 3.2 shows how different terms are used to
describe different types of environmental design and how they relate to each other.

From this figure we can see that there are a number of different design practices and

philosophies used, having different names and different places within the whole scope of

sustainability.
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3.3.1 Green Design

Green design is the simplest form of environmentally conscious design. As can be seen from
figure 3.2 it can be a number of different things but usually focuses on single-issues,
Werner(1993). For example, hairspray manufacturers now claim to have green hairsprays
because they no longer contain CFCs. Detergent manufacturers claim ‘green’ products because
they use bio-degradable surface agents and some product manufacturers claim ‘green’ design
as they use recycled materials in their packaging. Though a step in the right direction, this is
not a definitive solution. A green design can contain one or a number of single actions that go

towards altering the product’s environmental impact.

Sustainability

Figure 3.2 Relationships between Design Practices/Philosophies Eco2-Irn (1995)
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Most of these actions can be seen as design for ‘X’ where X is a focus such as quality,
recyclability or disassembly. Application of each of these DFX strategies will have specific

environmental implications and gains.

3.3.2DFX

Much work has been carried out in this area, the most well established being DFA, Lund &
Kabhler (1985), Bralla (1986), Boothroyd & Dewhurst (1987). Each is a technique which
slots into the design process at some stage. Although some of the DFX techniques are not
specifically related to the environment, taking the environment into account when applying
these techniques may result in environmental gains. However, practising all of these
techniques, will not necessarily produce a completely environmentally sound product.
Practising one, or a small number of these environmentally potent techniques is said to be
practising Green Design.

McAloone & Holloway (1996), suggest that “The way in which these environmental
requirements can be considered in design is to add them predominantly to the natural flow of
the design process in the form of environmentally weighted DFX steps’. They also present a
design model detailing this inclusion of DFX steps as shown in Figure 3.3.

At each stage of the design process many considerations must be made between different
functions within the organisation and the designer may have a DFX hurdle to overcome. Each
of the DFX disciplines will have particular significance at different stages of the design
process. |

This adds a new task to the designers schedule and may appear to add to the design time, but is
argued by Jones (1992) that it can be seen as being cost & time saving, and a quality enhancing

activity in the long run.
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Figure 3.3 Example of the Application of ‘DFX’ to a Design Process

3.3.2.1 Environmental Implications of DFX Strategies
As each of the DFX strategies is applied to the design process they will result in specific

environmental gains.

3.3.2.2 DFA

The concept of Design for Assembly Boothroyd (1982) is that all the discrete component parts
within a product will be designed so that they are easily assembled and the assembly related
cost is significantly reduced. In terms of the environment design for assembly will reap certain
benefits. DFA will reduce the amount of energy used in assembling a product. In some
instances it will also mean that the product is more recyclable because there may be a reduction

in mix of materials and fasteners used may be of the snap-fit type which speeds up assembly
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but also can aid disassembly.

3.3.2.3 DFD

Design for Disassembly involves developing products which are easy to take apart and thus
facilitate recycling and removal of hazardous materials, Hanft & Kroll (1995), and is thus
closely linked to DFR, Wilder (1990). By promoting recycling waste is reduced and the
consumption of raw material is decreased. DFD typically results in less bonding of dissimilar
materials and the use of non permanent fastenings. Many methods for DFD are in development
such as the method proposed by Simon (1993) in which a decision tree is used in conjunction

with design indices.

3.3.2.4 DFM

Design for Manufacture or Manufacturability aims at reducing product development times by
avoiding design errors and features difficult to machine before process planning begins, Hyeon
et al. (1991). By considering this the amount of energy and time used to manufacture a product
is reduced. The amount of waste produced will also reduce as a consequence of the careful

planning. These aspects have obvious environmental advantages.

3.3.2.5 DFQ

Design for Quality, Hubka (1989), is another developing DFX discipline. Again it aims to
reduce the amount of errors made during the design, production and ultimately use of a
product. DFQ can be seen as an overall design concept as it is a very wide ranging discipline.
By designing for quality products will last longer and be more reliable. In turn this will reduce
the amount of maintenance needed over their life-cycle and in many cases increase that life-
cycle significantly. The environmental effects are again very significant. Reduction in materials

and energy use, increase in life expectancy etc. all of which will reduce pollution and life-cycle

43



mAassps A W AR AWV WA QFRAAWALY WA AJELY AR VAARAAWEALLMLE ArWHEDTS

environmental burdens.

3.3.2.6 DFR

Design for recyclability, Leach (1990), recognises that eventually every product will wear out
or become obsolete. Although many of the materials used in manufacturing are from non-
renewable sources difficulties in retrieving and re-using them has lead to their disposal in
landfill sites. New technologies are enabling an increasing number of materials to be
successfully recycled, be it directly or indirectly. To successfully design for recyclability a
number of points must be observed:

e Reduce number of different materials used

Avoid use of composite materials

Replace toxic materials with non-hazardous alternatives

Reduce complexity of products
e Promote infrastructures geared towards recycling
The ease with which consumers may deposit this waste for recycling contributes greatly

towards its success.

3.3.2.7 DFS

Sometimes referred to as design for reliability and maintainability, Dewhurst & Abbatiello
(1996), the discipline of Design for Serviceability is one which many manufacturers are taking
on board. The trend of disposability is now being discouraged, MacKenzie (1991) and
consumer are demanding better quality longer lasting products. By careful design products may
be easy to service, with the ‘disposable’ being easily, quickly and cheaply replaced. By
designing in this way the amount of materials and energy used by a product throughout its life-

cycle may be reduced.
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3.3.2.8 DFT

When manufacturing products, if they are not tested at regular intervals faults can be very
difficult and expensive to rectify when they are brought to light. By designing for testability,
Drury (1996), problems which do occur are highlighted early on in the process and are easily
addressed. If a computer, for example, is not tested until it has been fully assembled then any
fault which occurs will require time, materials and energy to rectify as the whole machine may

need stripping down.

3.3.2.9 DFE

The final DFX strategy that can be applied is Design for Environment. This is a broad approach
which considers the impacts of a product throughout its entire life cycle, Fiskel & Wapman
(1994). Some see DFE as an explicit DFX step whereas others see it as an implicit part of
carrying out a number of environmentally related DFX steps. In practice DFE imposes on
designers the need to consider a products manufacture, distribution, use and ultimate disposal.
Some see DFE becoming a responsibility of designers to make choices that are ecologically
sound, Eekels (1993).

The concept of DFE and its relationships with DFX disciplines will discussed in greater detail

later in this work.

3.3.3 Eco-Design/Environmentally Conscious Design (ECD)

These two principles are thought to be one and the same. The difference here is that design
considerations are flavoured from the very conceptual stages so that the product is developed in
an environmentally conscious manner. Again this area has become particularly active in recent
years, Dewberry & Goggin (1995), Potter (1991) & McAloone & Evans (1995). There are
not simply physical design mileposts (although these may still exist), but in Eco-Design/ECD

the environment is considered inherently at each stage of the design process. This may be
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achieved by corporate strategy; decision-making tools; or on-line CAD tools such as that being
developed by Poyner & Simon (1995). This fashion of design implies a shift from the original
practice of cost-led design to environment-led design. (In reality, cost must still be high on the

agenda, or the design would never leave the drawing board.)

3.3.4 Environmentally Conscious Design & Manufacture (ECDM)
This is the progression of ECD along the design model into the manufacturing process. Design
of products also affects the manufacturing process, and ECDM should consider the

environmental impact of product designs on their production processes.

3.3.5 Sustainable Design

‘A sustainable product must generate capital for future generations to offset its use of non-
renewable resources.” Simon (1995). Sustainability is more a direction than an action. We
must always try and move towards sustainability, but never believe that we are there. The main
question here is how can this be interpreted into a design principle? Again work is being carried
out in this area and amongst others Keoleian & Menerey (1994), Devon (1993) and Alting &

Jorgrnsen (1993) are trying to address this problem.

3.3.6 Sustainability
This is seen as being the ultimate goal; everything we consume goes complete circle, is
renewable and has a further use. This is seen as being the boundary within which sustainable

design fits.

3.4 The Principles of Environmental Design

For purposes of simplicity environmentally conscious design and manufacturing will be
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referred to from this point forward as environmental design.

Designers have a crucial role to play in achieving a more sustainable economic and social
order. The complexity and importance of the designers role is highlighted by the business and
ethical issues which are raised when studying environmental issues. There is a need for a
holistic approach to solutions, Sullivan & Young (1995) & Fava (1993). It is of little or no use
making one part of the process ‘green’ if the rest is unacceptably damaging, and designers must
ensure that by providing one set of solutions to an environmental problem does not create or
increase others. Designers must grasp this concept fully to design truly ‘green’ products as they
have great influence over every aspect of the products life, from manufacture and ease of repair
to use and final disposal.

'Designing for green markets and with an eye on likely future legislative demands does not
invalidate the traditional criteria for good design, but it does demand that some are given
different weightings and that new considerations are also taken into account', Burall (1991). A
designer can no longer design a product in isolation from the affect materials, production route
and use will have on the environment or without thinking through the implications of eventual
disposal. Life Cycle Analysis, which was discussed in detail earlier, is an integral part of

environmental design .

3.4.1 Using LCA for Environmental Design

As LCA is the most widely used tool or technique for assessing the whole-life environmental
impact of a product or system it follows that it also widely used in environmental design. ‘Life
cycle inventory results can be used to identify areas for improving product and packaging
systems in terms of reducing energy usage, resource usage and environmental releases.’
Rethmeyer (1993).

During the eighties and early nineties public awareness of the environment grew which

increased industries effort to demonstrate that their products had an improved environmental
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performance, Fava (1993). LCA was an approach which helped industry with the development
of environmentally friendly products, processes and activities and thus became an integral part
of ‘green’ design.

LCA when used in environmental design is sometimes referred to as environmental life-cycle
design. This is closely linked with concurrent engineering design methods such as that
demonstrated by Shaw et al. (1992). Life cycle design is used for a number of reasons such as
reducing energy, Shaw et al. (1992), achieving a compatible materials balance for recycling,
Muller et al. (1993), or generally identify improvements in the environmental performance of
a product system, Sullivan & Young (1995).

As life cycle design can cover specific singular aspects of environmentally conscious design
and manufacture, such as designing for disassembly or waste minimisation throughout the life-
cycle, Fava (1991) suggests that it is important to ‘apply a Life Cycle Inventory (LCI)
framework in each product development stage,” This will allow the important environmental
problems to be recognised and addressed fully. It is very important when using life cycle
design methods that the key issues are addressed, Holloway (1996). The key to good
environmental design is the identification of the main areas of environmental impact and the
use of the correct design strategies in order to adequately address the problems. A good
example of this is the automotive industry. Use of LCA in automotive design highlights the real
environmental problem areas as shown in figure 3.4.

This graph shows that over 70% of a vehicles energy requirement is in use through the burning
of hydrocarbon based fuel (Nearly 18,000 litres in an average lifetime). Other studies have
suggested that the figure for in-use energy requirement may be well over 80%, Holloway et al.
(1996). It is the usage cycle of the vehicle that manufacturers should be addressing with the
greatest urgency.

In this case the recycling of materials and disassembly studies can only reduce the energy

requirement of a vehicle by small amounts. Indeed it has been suggested that even if a vehicle
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were totally recycled the resultant net energy return would save only 5% of that used in total,
Holloway et al. (1996).

It seems that the strategies that car manufacturers should be adopting are those of improving
engine efficiency and reducing weight. Fussler & Krummenacher (1991) have shown that in
automobile design the lightest always wins.

Many organisations have explicit goals to design environmentally conscious products, Diaz-
Calderon et al. (1994). These organisations must use LCA or Life Cycle Design to identify the
" areas or greatest environmental sensitivity and thus reap the greatest rewards through adopting

the correct environmental design strategies.
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Figure 3.4 Typical Energy Requirements of Vehicles

3.4.2 Environmental Design Guidelines

There is a danger of over simplifying what makes a design environmentally acceptable. For
example designing a product with a long life cycle should not mean that too long a life will
prevent benefits being gained from new materials or technologies. Aiming to build in as much

flexibility as is possible will reduce the risk of loosing opportunities from scientific
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Guideline

Description

Consider every stage of the products life
cycle in environmental terms

When designing a new product or system, or even redesigning and old one,
EVERY stage of the life cycle should be considered. From extraction of
raw materials at source through processing, use and on to ultimate
disposal. Only by doing this can the full environment impact of a design be
considered.

Increase efficiency in the use of materials
energy and any other resources

One of the most straightforward ways of reducing the environmental
impact of a product or system is to reduce the amount of resources
consumed. These resources may be materials or energy etc. As well as
reducing the environmental effect, increasing efficiency in resource usage
make good financial sense.

Use recycled, renewable and biodegradable
materials

Designers should make attempts to use recycled materials. With new
technologies being developed recycled materials are becoming more
suitable for everyday applications with their mechanical properties being
similar if not the same as those of virgin materials. If recycled materials are
not available then designers should try to use materials from renewable
sources. It must be remembered that the rate of consumption of these
renewable materials should not outstrip the rate at which they can be
replenished. Biodegradable materials are also environmentally acceptable
as they break down and leave no harmful waste when put into landfill sites.

Choose materials that will minimise other
environmental damage or pollution

If recycled materials etc. cannot be used then the material choice should be
made with a view to reducing environmental damage. What may be very
similar materials in mechanical or aesthetic terms will usually exhibit a
very different environmental performance. Through careful material
selection the environmental impact of a product or system may be
minimised.

Ensure that the life expectancy of the
product is appropriate, try to extend this as
much as possible

Through many different design decisions the life expectancy of a product
may be extended. Designing for ease of maintenance and serviceability is
one approach while designing for reliability and quality is another. When
attempting to extend the life expectancy of a product it must be noted that
changes in future technology may benefit the particular product or system.
Therefore the way in which the product is designed must take this into
account so that the benefits may be had when they become available.

Consider the actual use of the product with
a view to minimising the long term
environmental effects.

The effects of a product or systems usage may be the biggest contributor to
the overall environmental damage caused. To this end designers must look
at the projected usage information and take this into account. For example
why design items such as electric tooth brushes which use energy when
traditional manual ones perform the same function but use no energy at all
in use. Also it is only the head of the tooth brush which wears out so why
not make it detachable, on the manual brush, and replace only that part.
The materials and resources needed to make the handles are then saved.

Design for ease of recycling, reuse or re-
manufacture

When a product has reached the end of its useful life strategies such as
design for recycling, reuse or remanufacture will influence the final
disposal options. By designing in such features the materials present within
a product are much more likely to be recovered. Fixings such as bonding
or welding should be avoided and the mix of materials within a product
should be reduced or the mixture made compatible for recycling.
Remanufacture allows the less worn, usually steady state, components
within a design to be reused again saving resources and reducing pollution.

Table 3.1 Summary of General Environmental Design Guidelines - Holloway et al. (1996)

discoveries, legislation and changes in consumer perceptions. More fundamental questions will

be raised if two major environmental objectives clash. Environmentally responsible decisions

will rarely be straightforward, and the pros and cons will always have to be considered and
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balanced carefully.
Table 3.1, Holloway et al. (1996), summaries and describes general environmental design

guidelines.

3.4.3 The Paradox of Environmental Design

The guidelines shown in the previous section will help designers to design products which are
more environmentally benign. However designers must avoid attempting to make simplistic
assumptions and in some cases there may be a paradox between environmental fact and belief.
What people believe to be the more environmentally friendly option is not always so.

For example many people believe paper bags to be more environmentally friendly than plastic
ones. The decision being made on the basis of assumptions such as wood is a renewable
resource, paper is easily recycled and plastic is not, plastic uses oil as its base which is a finite

resource etc. The West German Environmental Protection Agency concluded the following.

Plastic Bag Paper Bag

1/3 energy of that used in 3 times the energy of plastic bag
paper bag and more processing pollution

17 Kg SO, per 50,000 bags 80 - 230 Kg SO, per 50,000 bags
Less CO and HC emissions More CO and HC emissions
More likely to be re-used More likely to be thrown away

When these results are considered along with other information such as; plastic can now be
easily recycled, plastics can be made form different renewable resources such as plant
derivatives and plastic can now be made bio-degradable thus reducing the litter problem, it

becomes obvious that environmental decisions are not always clear cut.
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3.5 Chapter Summary

This chapter has shown that environmental design may use the principles of concurrent
engineering and the tools of LCA and EIA to move away from curing a problem and towards
prevention of the problem before it occurs.

It may be carried out at a number of different levels within the overall concept of sustainabilty
and each level will have its own methods and benefits in terms of reducing environmental
damage.

Using the techniques described in this chapter allows designers to make sound environmental
decisions and increase their understanding of the affect that their work has on the environment.
However environmental design guidelines and methodologies such as LCA will not present
designers with clear cut answers and, as always, it will be up to the design team to weigh up the

overall benefits of the different alternatives, find out the facts and make sensible decisions.
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Integrating Environmental Concerns into Current Design
Practices

4.1 Introduction

Traditionally design has been concerned largely with function, appearance and cost but it is
now becoming apparent that environmental concerns must be integrated into current design
practices. This chapter will look at the way in which current design methods and practices can
be adopted and adapted in terms of environmental design. The use of concurrent engineering
and DFX disciplines is studied and the need for both tools and frameworks to support

environmental design is discussed.

4.2 The Process of Environmental Design

In order to do this successfully design, practices must be defined and analysed with a view to
introducing these 'extra' concerns but without completely re-thinking the way in which products
are designed as many of the methods which already exist are perfectly suited for adaptation.
Design cannot be defined easily, it is both a scientific as well as an artistic process. 'Design
establishes and defines solutions to, and pertinent structures for, problems not solved before, or
new solutions to problems which have previously been solved in different ways', Blummich
(1970). The inclusion of environmental concerns in the design process requires the
development of these pertinent structures and new solutions to address problems which have
not been dealt with, in any great depth, before. The problem of environmental impact is not a
new one, but until recently it was seen as a moral decision on the part of the designer and not
an integral part of the design process.

Good design requires synthesis and analysis. 'Analysis is the simplification of the real world

through use of models, while synthesis is concerned with assembling elements into a workable
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whole’, Dieter (1986). Thus in order to design something successfully we must be able to
calculate as much about its life-cycle as is necessary to address the defined objectives. It is this
life-cycle approach which is needed to predict the full environmental impact of a design. In
environmental design the analysis is achieved through the use of tools such as LCA, while
synthesis is a complex balance of all the possible solutions to achieve a design which is both
economically and environmentally viable.

Any design process may be considered as the following steps:

1. Recognition of a need

N

Analysis of the problem

3. Gathering of information

4. Conceptualisation of solutions

5. Evaluation of alternatives

6. Detailed design

7. Communication of the design configuration

Environmental design is no different and will follow the same pattern. By looking at design in

this way it becomes easier to see how environmental concerns may be integrated.

4.2.1 Recognition of Needs

When considering the initial step of recognition of a need it is important to make some clear
definitions in environmental design. Environmental design is 'design which addresses all the
environmental impacts of a product throughout the complete life cycle of the product, without
unduly compromising other criteria such as function, quality cost and appearance', Eco2-IRN
(1994). Environmental design does not tackle the subject of sustainable development and aims
to reduce the impact of products made within current design and product development

frameworks. The whole question of 'do we really need this product?' is a far more complex
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social issue and is encompassed in sustainable development theory. The initial stage in
developing a design is this definition of the need while also stating that the environmental

impact should be kept to a minimum or specific environmental problems addressed.

4.2.2 Analysis of the Problem

The next stage, analysis of the problem, can again be very easily applied in environmental
design. The analysis of any apparent environmental problems should be included in the overall
analysis of the design. In some cases specialist techniques and tools may be required to fully
analyse these environmental problems. Simplified environmental impact assessments may be

used here.

4.2.3 Gathering of Information

It is the next stage of the design process, gathering of information, were environmental
concerns will begin to noticeably affect the design process. The 'extra’' amount of information
needed to support environmental design is one of the main factors behind its delayed
development and acceptance. Not only is it time consuming, but it adds to development times
and in most cases is still a very costly exercise.

As discussed earlier the information may difficult if not impossible to collect and therefore

assumptions have to be made.

4.2.4 Conceptualisation, Evaluation and Detailed Design
Conceptualisation, evaluation of alternatives and detailed design will all make use of LCA and
EIA studies. At each of these stages the environmental information is introduced as would any

other information and is another factor to be considered in the trade-offs made when designing
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a product. Comparative LCA studies may be used in the evaluation of one design compared
with another and detailed design may deal with specifics such as fastenings and material types

which may affect disassembly and recycling practices.

4.2.5 Communication of the Design

When finally communicating the design it is important to outline the environmental advantages
offered. Communication of the design in terms of detailed drawings and specifications may not
offer opportunities to outline the environmental factors easily and efficiently. These factors
may therefore be better communicated in separate environmental specific documents. Using the
information gathered in the previous stages, in particular evaluation of alternatives, designers

may show how the proposed design helps alleviate certain environmental burdens.

4.3 Developing Environmental Design Methods

As can be seen the ' product development process entails a series of activities which start with
the recognition of an opportunity and end with the introduction of a product into the market
place. Throughout the process there exists the potential for reducing the environmental impact
of the product being developed.', Kusz (1991).There is therefore a need for acting on the
potential to develop a means of implementing a whole range of environmental ideas into
design. Jakobsen (1991) believes that designers must adapt an integrated design procedure

which enables them to interrelate a number of traditionally independent disciplines.

4.3.1 Adapting Current Design Methods & Philosophies
Many of the design methods and philosophies currently in use can be easily adapted to include
environmental concerns and it seems that the environment is just another concern that can be

mapped onto the design process. It has been questioned whether the study of the environmental
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impacts of a product is not simply environmental research, i.e. a matter of gathering
information which a designer might use in the same way as looking up the density of water?
This is certainly a logical view point but design is based upon the gathering and use of such
information. Without this type of information designers could not be expected to produce a
product which performs the required function. So although environmental impact is a field of
environmental research is it also an integral part of design and as such should be considered in
the context of design and also design research. (It is through including environmental concerns
in the design process that the ultimate aim of environmental design may be achieved, a move

towards sustainable development).

4.3.2 Jakobsen’s Design Model

Environmental design is no different to any other design strategy in that there are a number of
trade-offs which have to be made when considering the design as a whole. In the traditional
design process Jakobsen (1991) has shown that there is an inherent relationship between
function, material, production method and shape. Figure 4.1 shows Jakobsen’s concept of this
interrelation. Each of the four elements are directly related to the remaining three in such a way
that when a designer is considering , for example, production method the choice will be
affected by the shape of the component, the material from which it will be made and the
function it will have to perform. The process is cyclic, with all the requirements being checked

against each other until a satisfactory solution is achieved.

By utilising this design model 'the different relationships of the matrix must be collected,

studied, developed and finally expressed in a normal way', Jakobsen (1991).
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PROD.
METHOD

Figure 4.1 Jakobsen's Model of Interrelation

4.3.3 Adapting Jakobsen’s Model

Using Jakobsen's Model as a basis the idea of interrelation of different design requirements
may be extended to include environmental concerns. In the same way that function, material,
shape and production method are all dependent on each other they are also influences on, and
influenced by, environmental concerns. Figure 4.2 shows an adaptation of Jakobsen's Model
which integrates environmental concerns into the cyclic design procedure. As the diagram
shows, environmental concerns are not directly related to all the other elements in design.
There are strong direct relationships between environmental impact and function, material and
production method. There is, however only an indirect link between environmental concerns
and shape and it can be seen that this indirect link is affected by material, function and

production method.
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FUNCTION

ENVIRO.
CONCERNS

Figure 4.2 Environmental Adaptation of Jakobsen's Model - Holloway et al. (1994)

Representing the integration of environmental concerns in this way allows us to see how they
affect other decisions. However Figure 4.2 represents the situation in a general manner. To
fully appreciate the complex links between the differing elements of design Figure 4.2 must be

developed further and will be discussed later.

4.3 Environmental Design Principles

The problem to be addressed seems not can but how we integrate environmental concerns into
the design process. Recently much work has been carried out on the development of
environmental design strategies and philosophies. CERES (the Coalition for Environmentally

Responsible Economies) drew up the Valdez Principles in 1989, figure 4.3.

4.3.1 The Valdez Principles

These principles outline 10 steps for producing and marketing environmentally friendly
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products. It is the first 6 points which can be addressed by environmental design, the other 4 are
more deeply involved with environmental management. Since the Valdez Principles were
authored it has become widely accepted that they cover the general goals of environmental
design. Many organisations have now drawn up environmental design guidelines similar to
those developed by the American EPA, Keoleian & Menerey (1993), which are:

e Product system life extension

e Material life extension

e Material Selection

e Reduced material intensiveness

e Process management

o Efficient distribution

¢ Improved management practices

These guidelines are very general and cover the whole spectrum of product development, from
design to distribution and management but it can be seen that ‘these strategies go a long way to

successfully addressing the Valdez Principles’, Holloway et al. (1994) .

4.4 Adapting Concurrent Engineering

Many of the environmental concerns which need to be taken into account require a life cycle
approach to design. For example the environmental impacts of material choice will be apparent
from the extraction of the raw material, through processing, in some cases use, and also the
final disposal. If the consideration of environmental factors is to be successfully integrated into
the design process following the guidelines suggested by Jakobsen and also utilising a life
cycle approach, the ideas and strategies embodied in concurrent engineering undoubtedly offer

the best opportunities. Concurrent engineering ‘ imposes upon designers the need for
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The Valdez Principles

Protection of the Biosphere

Companies will minimise the release of any pollutant that may endanger air, water
or earth.

Sustainable Use of Natural Resources

Companies will make sustainable use of renewable

natural resources, including the protection of wildlife habitats, open spaces,
and wilderness.

Reduction and Disposal of Waste

Companies will minimise waste and recycle wherever possible.

Wise Use of Energy

Companies will use environmentally safe energy

sources and invest in energy conservation.

Risk Reduction

Companies will minimise environmental health risk to employees and local
communities.

Marketing of Safe Products and Services

Companies will sell products or services that minimise adverse environmental
impacts and are safe for the consumers use.

Damage Compensation

Companies will take responsibility through cleanup and compensation for
environmental harm

Disclosure

Companies will disclose to employee and community incidents that cause
environmental harm or pose health or safety hazards.

Environmental Directors

At least one member of the board will be qualified to represent environmental
interests and a senior executive for environmental affairs will be appointed.
Annual Audit

Companies will conduct an annual self-evaluation of progress in implementing
these principles and make results of independent environmental audit available to
the public.

simultaneous consideration of product design, function, manufacturing and cost while also

taking into account later-stage considerations such as reliability, quality and environmental

Figure 4.3 The Valdez Principles

impact.” Holloway et al. (1994).
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4.4.1 DFX Strategies

Allenby (1994) has identified that in developing a DFX methodology the environmental
concerns as outlined in the Valdez Principles may be addresses by separating environmental
design practices into two streams:

1. Generic concerns

2. Specific concerns

As Figure 4.4 shows the generic concerns deal mainly with 'green’ management practices and
the environmental commitment of the company while the specific concerns deal with the
concept of DFE and supportive tools. Allenby's view of the specific DFE practices is similar to
Andreasen's Design for Assembly work in that it deals with DFE as a ‘module of existing
product realisation processes, specifically the “Design for X” systems’, Andreasen (1983).
Although Allenby terms these DFE practices as ‘specific’ the objectives may be drawn from a
general central core of environmental design strategies, Holloway et al. (1994), be they the
Valdez Principles, American EPA Environmental Design Strategies or others. In developing
DFE modules as part of an overall DFX product realisation strategy ‘the challenge is to create
modules which, in keeping with industrial ecology theory, are broad, comprehensive and

system-based yet can be defined well enough to be integrated into current design practices’,

Allenby (1994).
DFE PRACTICES
M%‘ SPECIFIC
‘Green’ ‘Green’ ‘Green’ Other Design ‘Green’ DFE Other
Accounting  Standard Specifications Tools Manufacturing  Modules
Systems Componets & Standards Processes part of DFX
Lists Product
Realization
Processes

Taken from: Industrial Technology Gets Down to Earth 14

Figure 4.4 DFE Practices
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On the whole DFE is not, as yet, a well-established concept and as Allenby has shown it seems
to be an overriding theme in concurrent engineering rather than an explicit DFX step. If this is
the case then it seems sensible to look at existing design frameworks and adapt them. As with
existing design frameworks a framework for DFE, according to Kusz (1991) ‘should
communicate the design process and highlight the importance of that process and its
management in the development of effective competitive strategies’.

Before these concurrent engineering frameworks can be adapted it is important that the concept
of DFE is clarified. Is it a theme implicit in carrying out a group of ‘greened’ DFX steps or is it
an explicit concurrent engineering imperative in itself. This may become clearer by looking at

the way in which DFE is linked with other DFX disciplines.

4.4.2 Links with DFE and DFX disciplines.

Many of the Design for X strategies have common or linking features. They all have

the common goal of addressing life cycle concerns at the design stage therefore dealing with
potential problems before they occur, but many of the individual perspectives are inextricably
linked. In this way it can be seen that DFE is a part of concurrent engineering and that the value
of work in the area of DFE is less if it is not considered within the frame of concurrent
engineering. Just as in concurrent engineering there are a number of design experts

in areas such as quality, cost, reliability and so on, there may be a need for a specialist in the
environment. However, Hoffman (1995) states °....it is also imperative that the overall
objectives of a DFE strategy be integrated into the thinking of the other design specialities’,
which is a plausible concept and could reduce the need for a single DFE specialist. The

combined environmental knowledge of the other specialists may suffice.
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Design for I_Ass. | Cost | Disass. | Disposal | Env. | Man. | Quality | Recycling | ReliabilityJ
Assembly |

Cost
Disassembly
Disposal

Environment

Manufacture |
Quality
Recycling
Reliability

1 - weak link 3 - strong link

Table 4.1 Links between DFX Imperatives

The fact that DFE can be thought of as part of so many other areas of the design process is an
indication of how basic and pervasive a subject it is. Table 4.1, developed through this
research, shows how all the current DFX imperatives are linked and overlap and how these are
linked with DFE. The differing DFX imperatives have different things in common. In the table
a weak or tertiary link between imperatives is indicated by 1, a medium or secondary link by 2
and a strong or primary relationship by 3.

For example Design for Assembly and Design for Cost exhibit a secondary relationship. Design
for assembly is basically concerned with assembling a product in the most efficient way. This
means that time, energy consumption and in some cases material usage are all reduced to an
optimum level. This obviously ties in with the aims of Design for Cost which aims to reduce
the financial cost of a product to a minimum.

Design for Assembly has strong links with Design for Disassembly for the obvious reasons and
so on. Studying the table it is interesting to note that Design for Environment is the only
imperative which has no weak links with any of the others.

Many of the ideas within DFE are conducive to good practice in both engineering and business
terms. Design for Recycling and Design for Environment exhibit strong relationships as

recycling is an area which can reduce the environmental impacts of overall product systems,
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reclaim materials, thus reducing demand on virgin sources and eliminating pollution caused by
raw material extraction. This type of relationship exists between DFE and disassembly,
disposal, manufacture and recycling. DFE also has secondary links with other DFX
imperatives. For example design for reliability aims at reducing maintenance, parts failure etc.
which in turn will reduce material usage and energy usage, two of the main aims in

environmental design.

4.5 What is DFE?

It can be argued that by taking the idea of DFE and ‘deconstructing and integrating it into
manufacturing, assembly, cost, quality etc. that it is in fact subordinate to those interests’,
Narotzky (1995) , but by making DFE an explicit step in design development it may well
restructure design itself and help in its integration.

It is therefore very important to look at DFE in two ways:

1. As an explicit concurrent engineering imperative and

2. As an underlying theme running through all DFX disciplines.(This is supported by the
concepts discussed earlier in this work where it was shown that each DFX discipline will have
specific environmental implications.)

‘Isolating any aspect of concurrent engineering is only a useful approach for focusing ones
attention on a subset of issues’, Mitchell (1995). Having studied the apparent links between
DFE and other DFX imperatives, as Jakobsen interrelation theory suggests, it seems
inappropriate to treat any aspect as a separate imperative, for example design for cost separate
from design for assembly/disassembly (the life cycle cost being affected by the economic
efficiency of assembly/disassembly, and the ease of assembly/disassembly being affected by
the premium one can afford to realise this goal). Thus, while it may be necessary to consider

one aspect as a separate imperative so as to focus attention on a smaller, more manageable,
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subset of problems, the optimum solution can only be achieved by resolving all the issues
across the full breadth of the design. In other words by being truly concurrent, which in
practice, for large problems, means the iterative consideration of separate imperatives as
outlined by Jakobsen.

In summary there are two ways of looking at DFE and its relationships with other concurrent
engineering imperatives, explicitly and as a part of a larger whole. DFE should be an integral
part of all concurrent engineering activities and has such wide reaching consequences it may
become the dominant imperative in many design development exercises. However it is also
very important to consider it explicitly to help raise awareness of its importance, to increase our
understanding of its requirements, affects and implications and to ensure that the required

standard in this area are achieved be they moral, legal or otherwise.

4.6 Frameworks to Support DFE

Having established that DFE can be integrated into concurrent engineering design procedures,

it is necessary to develop a framework and infrastructure for DFE within these procedures such

that it may be implemented in a systematic way. Headway in standardising certain elements of

DFE has already been made. As discussed earlier LCA has been standardised by SETAC into

four basic elements, known as the 4 I's (Fussler 1993):

 Initiation - define the scope, goals and system boundaries of the study

e Inventory - gather all the relevant information about the product system

e Impact - classify all the relevant environmental data and calculate actual environmental
effects

¢ Improvement - having identified the areas for improvement, modify the design

specification
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In studying areas such as LCA we must be careful not to confuse it with DFE. LCA is a tool for
use in DFE but not a framework for DFE itself. It has been suggested that ‘a number of recent
papers have...confused the analysis of a product with its design’, Simon (1995). LCA is an
analysis process which may be used in the design or re-design of products but which must not
be confused with design. As Simon suggests there are two ways of looking at LCA and DFE,
'design or re-design is included in the improvement stage, thus subsuming design within LCA.'
and 'to subsume LCA within design (or new product development) by mentioning it as a "tool"
which designers will use at some stage’. When developing supportive frameworks for DFE it
would seem that LCA should be viewed as the latter and used in conjunction with other tools
and strategies which also subsume themselves within design practices. Existing product
development frameworks such as the TRIAD Product Development Process Conceptual
Framework, Design Management Institute (1989), offer themselves to DFE as they show the
potential to apply LCA concepts, EIA studies and achieve the goals of the Valdez Principles.
The TRIAD Product Development Process Conceptual Framework is similar to the basic

design process presented in section 4.2 and is defined as the following:

1. Recognition Recognising the existence of a business problem or opportunity

2. Analysis Analysing a problem in order to develop a strategy for its solution

3. Definition Defining what characteristics the product must have in order to solve the
problem

4. Exploration Exploring many possible options for achieving the defined objectives

5. Selection Evaluating the options and selecting the one that will be pursued

6. Refinement Perfecting the selected option through attention to every detail

7. Specification Final verification and specification of manufacturing related details

8. Implementing Procurement, tooling and manufacturing
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9. Bring the product to market

4.6.1 A Simple DFE Framework

This framework may be utilised to support DFE practices by mapping environmental concerns

onto each step. If this is done the following DFE oriented product development framework

results:

1. Recognition Recognising the existence of environmental problems or opportunities which
can be addressed through design

2. Analysis Using LCA and similar "tools" in order to identify the causes of the problems or
opportunities and develop strategies for their solutions

3. Definition Defining what environment affecting characteristics the product must have to
solve the problems or exploit the opportunities

4. Exploration Exploring as many possible options for achieving the defined objectives using
DFE strategies

5. Selection Evaluating the options using environmental impact assessment and selecting the
one that is most environmentally and economically acceptable and will be pursued

6. Refinement Perfecting the selected option through attention to every detail and exploration
of any additional environmental design strategy that may be applied

7. Specification Final verification and specification of manufacturing related details and
explanations of their environmental advantages

8. Implementation Procurement, tooling and manufacturing all taking into account
environmental concerns

9. Bringing the product to the market Packaging, distribution and, if applicable, after sales
service should all take environmental concerns into account. Communication of the

environmental problems and opportunities to the consumer.
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The development of simple, straightforward, environmentally based product development
frameworks is relatively easy, if we do not look at the deeper issues such as patterns of
consumerism and the difference between consumer ‘wants’ or ‘needs’. The process, as with
design itself, will be iterative. As more of these exercises are carried out the experience gained

will help in the refinement of DFE frameworks.

4.6.2 Infrastructure to Support DFE

One very important area which must not be overlooked is the infrastructure which must be in
place in order to support DFE exercises.

There must be both infrastructures for designers to gain and assess the information that they
require, and also infrastructures which support environmentally responsible actions on the part
of the consumer in using and disposing of products.

In terms of design and product development , there is a need for environmentally relevant data,
environmental management schemes, such as ISO 14000, and also legislation to push
organisations into considering the environmental consequences of their actions. While on the
consumer side there is a need for a collection and recycling infrastructure which will allow the
adoption of design strategies, such as Design for Recycling and Design for Disassembly. The
speed with which these infrastructures are put in place, and the number of people that will use

them may depend heavily on education in, and awareness of, environmental concerns.

4.7 Support Tools for DFE

As with many design disciplines the use of support tools will structure and accelerate
environmental design. Just as tools such as CAD and finite element analysis are used to
accelerate mechanical design practices tools need to be developed and adopted for

environmental design.
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Tools which assist Design for Assembly, Boothroyd & Dewhurst (1987), do exist and,
although useful have little effect in terms of reducing overall environmental impact.
In recent years work in developing tools to support DFE has increased. Such tools are discussed

in detail in a later chapter.

4.8 Chapter Summary

This chapter has shown that many of the current frameworks and practices used in design lend
themselves to DFE. The idea that there is an interrelation between the environment and all
stages of product development and use is one which is becoming more widely accepted.
Concurrent engineering represents one of the most attractive opportunities to DFE as the
‘infusion of environmental knowledge of downstream activities into the design process will be
the only way in which designers can generate ‘green’ product solutions rapidly and correctly’,
Holloway et al. (1994) . The different elements needed to develop DFE are already in place, it
is now a case of integrating these into a single product development strategy and making DFE
common place. As Jakobsen (1991) concludes ‘In good designs, there exists a harmonic
relationship between geometric shape, material and the production method used. In order to
achieve this harmony it is necessary to use a procedure which considers the treatment of these
elements as an integrated activity’.

In environmental design this integrated activity is DFE. Figure 4.4 shows how each of the
separate elements of environmental design are integrated and form DFE which is itself an

integral part of concurrent engineering.
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Valdez  Triad
Env. Design

Recycling Legislation

Environmental Data

Infrastucture
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DFX Imperatives
Environmental Design

Concurrent Engineering

Figure 4.4 Elements of DFE within Concurrent Engineering
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A Critical Review of Current Practices in Environmental
Design

5.1 Introduction

In the previous chapter the integration of environmental concerns into current design practices
was discussed and the need for support to achieve this goal was identified. This support will
come in many forms but was summarised as being the need for frameworks, methods and tools
which promote environmental design.

This chapter will look at current practices in the field of environmental design. Existing and
developing frameworks, methods and tools will be discussed and the overall needs within

environmental design, at this time, are identified.

5.2 Current Environmental Design Practices

It has now become generally accepted that most of the environmental impacts of a product or
system are set long before manufacture or use. Until recently most of these impacts were
considered in retrospect and as a result ‘companies spent too much time fixing problems
instead of preventing them,’ Keoleian & Menerey (1993). Some organisations are still looking
an end-of-pipe measures such as recycling, Nutter (1993), which have their place but do not
deal with the whole issue of environmentally friendly design, as discussed in chapter 3.

Front End Environmental Analysis, Coogan (1993), is a method which is now generally
accepted as being required, in which the potential problems are addressed before they occur. As
Coogan points out, meeting mechanical, financial and environmental criteria concurrently
represents a formidable challenge and usually results in trade offs making use of the available
information. This idea was discussed in detail in chapter 4. There are many different systems

and methodologies which now deal with environmental design such as Fiskel (1993), Braden
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& Allenby (1993), Ryding et al. (1993) Rydberg (1993), Chen (1995) and Navinchandra
(1991). Each of these systems and methods attempts to provide a framework, infrastructure or
guidelines within which designers and organisations may work. The advantages offered by
these systems are the structuring and in some cases accelerating of the consideration of
environmental factors in design. ‘The best of these technical methodologies begin to
incorporate the characteristics which the study of industrial ecology indicates are critical if
environmentally appropriate decisions are to be made.” Braden & Allenby (1993). Although
all the methodologies have their own specifics and anomalies they are all loosely based on a
framework such as that documented by Olesen & Keldmann (1993), figure 5.1. The principles
of concurrent engineering are also applied as considerations about later life performance are
made at the design stage.

The following sections of this chapter will look at some of the more prominent and stimulating

methods in use and under development and discuss their advantages and disadvantages.
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Figure 5.1 The Activities within a DFE Approach

5.2.1 End-of-Pipe Strategies

There are many end-of-pipe strategies which designers and organisations have been adopting
for a number of years. Disciplines such as waste management, water treatment and air pollution
control all produce environmental benefits but deal with the problems in retrospect rather than
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attempting to reduce the possibility of the problem occurring in the first place.

These strategies are all an integral part of environmental design when balanced against each
other and the particular characteristics of the life-cycle of the product or system are taken into
account. The problems arise when they are used in an attempt to reduce overall environmental
impact without considering the life-cycle as a whole. Prevention is better than cure and has
both environmental and financial benefits. Environmental problems should be considered at the

design stage where the greatest advantages can be gained.

5.2.2 Design for Recyclability and Disassembly

Recently the technology available to recycle materials has advanced considerably. Materials
such as steel and aluminium have had supportive infrastructures for recycling in place for many
years, as has glass and paper, but now polymers are becoming increasing more recyclable. This
design strategy goes some way towards improving environmental performance but is concerned
solely with recovery of materials. Many factors have driven this approach, not least the
increasing cost of dumping waste, Lascelles (1995), and the introduction of producer
responsibility. Recycling encourages use of certain materials and reducing the overall mix,
Ertel et al. (1993), and therefore restricts designers (as most design criteria do). Recycling
requires energy in collection, separation, cleaning, re-processing and so on. This extra energy
usage and resultant pollution means that in some cases recycled materials have a very large
environmental impact. Also 100% recycling may not always result in the optimum
environmental solution. Recycling paper has an environmental optimum of approximately'
60%, Ryding et al. (1993). Another problem is that the percentage of recycling cannot be
guaranteed and therefore the overall benefit of recycling is not quantifiable. Figure 5.2 shows
the general trend in recent years has moved away from material reclamation and towards

overall material reduction which has clearly quantifiable effects.
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Figure 5.2 Trends in Material Reclamation

Disassembly has much the same criticisms aimed at it. It requires energy and time at the end of
the product life and in most cases is not currently economically viable, Dowie (1994). The
degree to which disassembly takes place can never be guaranteed, although work at Manchester
Metropolitan University, Dowie (1994), has helped guide designers towards making

disassembly more cost effective, which may promote its adoption by organisations.

5.2.3 Other End-of-Life Strategies

Many other end-of-life measures such as disposability and design for degradability must be
considered in the overall whole of environmental design. These measures tends to be relatively
easy to address and as such are used by companies to demonstrate their ‘green’ practices. As
discussed in chapter 3 these end of pipe approaches may only address a very small percentage
of the overall life-cycle environmental impact, depending on the life-cycle pattern of the

product or system in question.

5.3 Environmental Design Frameworks

Much work has been carried out on environmental design frameworks and generally they
follow a very similar pattern. Work by Kusz (1991), Olesen & Keldmann (1991), Braden &
Allenby (1993), Fiskel (1993), Hendrickson et al. (1994), Hoffmann (1995) and Sheng et al.
(1995) have all demonstrated the need for a structured framework within which environmental
design may be carried out. Each of these frameworks is based upon the use of LCA as
discussed earlier. Hoffmannn (1995), shows a tiered approach, for design and manufacture of

electronic goods, which operates as shown in figure 5.3.
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Within this framework a number of questions must be asked in order to integrate
environmental concerns into the design process. Hoffmann suggests that these questions and
criteria be derived using expert opinion, and that each design concept may be scored from 0 to

100 in environmental terms.

Design Phase Concept Detail Design Prototype
Tool Tier Development Manufacture
Tier 1 Life Cycle Matrix
for Product Systems.
Circuit board design
Tier 2 _ Circuit Board
Design
Housing Design
EM Shielding
Tier 3 De Manufacturability
Life-cycle Impact

Figure 5.3 Conceptual Framework for Environmental Design - Hoffmann (1995)

The concept with the highest score being the best. This in theory is a clear, structured method
but a number of questions need to be answered when considering the validity of the system.
The concepts and approaches adopted by the designer need expert opinion to be determined. In
many cases designers are not environmental experts, thus they will need to liaise with others
who are. The framework would be much easier to use if it attempted to embody some of the
expertise in itself. As Hoffmann points out these criteria will change but if the framework is
flexible these concerns may be altered and updated as necessary. Grouping of environmental
problems could be presented along with design strategies which may address them. The scoring
system may also present problems. It is very common in engineering to try and rate design
concepts with scores, but in the case of environmental design this is not yet a reliable method.
Little is known about environmental effects and comparisons of different types of pollution to

allow a score design rating, although there are many ranking and subjective scoring systems in
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use and under development.

The framework offered by Oelsen & Keldmann (1993) again presents a very structured, all be

it broad based approach as shown in figure 5.1. As Oelsen points out the approach adopted is

similar to the Design for Quality Approach of Andreasen & Hein (1987) and has four main

activities:

1. Know your product and systems - understand fully the life-cycle and associated
environmental effects.

2. Establish theses - based on analysis, theses are made on how the environmental
performance can be raised from the existing level.

3. Create sub-solutions - based on the theses it is examined if new solutions exist in the
problematic sub-systems.

4. Create system-solutions - incorporate sub-system solutions into parts of the life-systems
which are not changed.

The result will point out a possible basis for a project which will satisfy the environmental

specification. The designer must also know legislation and standards, analyse and verify data

and decisions, weight all the different properties of the design in accordance with their

importance and exploit as many opportunities as possible.

Although this is a very structured system there are again some problems. Designers have to

cope with a large amount of data which may increase product development times. Oelsen does

point out the need for tools but makes no great attempt to discuss the real problems or needs of

such tools. The framework identified is clear and well though out but there is a lack of support

for the designer in trying to work within the framework.

5.3.1 An Integrated Systems Approach to Environmental Design

Fiskel (1993) looks at an integrated systems approach. As he says ‘effective implementation of
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Design for the Environment requires the development of design metrics, guidelines and

verification methods. These must be deployed within an integrated system framework in order

to provide useful guidance for decision making during fast cycle product development. As

others have, Fiskel (1993) recognises the links between DFE frameworks and concurrent

engineering. He also points out that the current state of practice within DFE can be

characterised as mainly opportunistic and project specific. However Fiskel shows that a DFE

framework can be spit into four main elements:

e Design metrics to support objective assessments (preferably quantitative) of environmental
Quality

e Design guidelines or rules to assure that environmental concerns are introduced early in the
design process.

e Design verification methods to review and assess proposed designs with respect to the
above metrics.

e Design decision frameworks to support system-level trade-offs between environmental

quality and the many other inter-related quality metrics.

Consequences

fulty- Mkﬁ costs

Geography i Perspectives

business strategy

Decision Context

Figure 5.4 Current Boundaries of LCA Methods
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Of these four key elements only two, guidelines and frameworks are in place. The guidelines
are well documented and so are the structures of the frameworks, but actual data and methods
to support the frameworks as a whole are still lacking. Fiskel summarises this as shown in
figure 5.4. The shaded areas show where our current knowledge lies. As can be seen from the
diagram it is again the decision context of design and the environment which leaves the biggest

hurdie to be overcome.

5.3.2 Environomics

Frangopoulos (1991) presented a rhethod called environomics, in which a mathematical
approach is employed in determining the effect of pollution and energy usage. Areas such as
measures of chemical pollution and thermal pollution as well as methods of environomic
optimisation are offered. This method involves complex mathematics and relies heavily on
such concepts as harmfulness of a pollutant. These measurements of harmfulness can be
difficult to assess and quantify, although more reliable data is now becoming available. Also

the mathematics alone in this method would discourage most designers from using it.

5.3.3 Environmental Design Matrices

Matrices are used in many different design methods but lend themselves to environmental
design particularly well. Environmental effects are related to different stages of the product
life-cycle and characteristics of the product. This interrelation can be clearly and easily shown
on a matrix.

There have been a number of environmental design matrices developed to assist designers in
considering environmental concerns during the design process. These range from matrices
which give general details on environmental impact throughout a products life and simple

design guidelines, figure 5.5 Dewberry & Goggin (1995), to environmental matrices which
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explore the environmental strategies which might be adopted in a particular product design,
figure 5.6 Kortman et al. (1995). Both these and others such as those developed by Eagan &
Hawk (1995), Rydberg (1993) and Hoffman (1995) have their merits but do very little
towards giving designers advice on actual environmental design strategy development as they
use no form of product classification or description. Kortman et al. (1995) does give some
environmental strategy advice but it is difficult to see, from his work, how this is actually done.
In his work he claims that ‘Although this preliminary analysis does not result in a
comprehensive understanding of the environmental impacts of a product, it illustrates the most
likely and visible environmental problems of a product.’

Graedel & Allenby (1995) produced one of the better know matrices in DFE and has been
adopted by AT&T (America’s largest telecommunication company). This particular matrix,
shown in figure 5.7, is constructed of 25 cells each representing a particular environmental

concern at a particular life-cycle stage.

Life Cycle of Product
Production Use Disposal
Energy More efficient Reducing Non- energy
. effici production energy intensive
glgte mag'xf: Y. processes, consumption of disassembly
reducing products. Appropriate
- distribution Alternative disposal.
g transport. power supplies
£
= Material Minimising Design for Design for
[} P use of raw quality, disassembly.
£ eg. ""gg" material. reducingneed | Cascading
g recycled, Eliminating for new mat- material cycles
£ minimisation deleterious erial for repair acknowledged.
E materials.
E
w Pollution Reducing Eliminate haz- Appropriate
. production ardous emiss- disposal
:g.;‘;lfd y/aste, waste. ions and the regarding
ISsions, Eliminating need for ‘throw grade of waste.
water toxic's away’, short Landiill last
emissions. term additions. option!

Figure 5.5 Eco-Design Matrix
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For example cell (2,3) represents solid residues from manufacturing processes. It is

recommended that a qualitative score is assigned to each cell from 4 for no impact to 0 for a

high environmental impact. The 25 cells will therefore give a score out of a possible 100. The

lower the score the

pha- nput output environmental
se strategy
resources (kg) |energy GJ | waste (kg emissions UPA
*E6
1a  exmctionand | metals, 630 | process 7 jore 432 heavy metals, 9 use less harmful
production of | plastics, energy and PAH's, phenol, matcrials
ials for the D P oil, ete.
machine
1/2 extractionand | milk powder, | 6000 | process 85 18 ash, NH3, 502, | 134 [reducethe
production of sugar, coffec, energy and NO3, PO4, oil, consumption of
ingredients plastics, filters transport chlosine ingredients and
cups
3 production process 8 |menlscrap |Fe3s, |acid. oil, 1 reduce the
process coergy and stainl. | chlorine, dust amount of
transpart steel materials for the
12,4 coffee machine
4 use 125 | cups, filters, | 3900 | encrgy emissions | 37
coffec
5 operating system | detergents ? bailer, 125 | encrgy waste | S energy emission, | 190 | optimise
lighting, detergents transport
motors,
vestilation
6 sexvice components 13 p 22 p 14 energy emissions | 33 optimise life
- eneTgy waste span of
components
7 disposal 4 194 | energy 12 imulase high-
quality reuse of
machine
components and
materials

Figure 5.6 Environmental Matrix of a Hot Drinks Machine

Environmental Concern

Life Stage Materials Energy Solid Liquid Gaseous

Choice Use Residues | Residues Residues
Resource Extraction 1,1 1,2 1,3 1,4 1,5
Product Manufacture 2,1 2,2 2,3 2,4 2,5
Product Packaging & 3,1 3,2 3,3 34 3,5
Transport
Product Use 4,1 4,2 4,3 4,4 4,5
Refurbishment 5,1 5,2 5,3 5,4 5,5

Figure 5.7 The Environmentally Responsible Product Matrix



e ERERpT VS . 48 AR ARSREeRE AR T AT A e iaf A Aft & R RAR AT A58 ALAR T AR AR fARaE TS I T Te T

more environmentally friendly the product. The matrix therefore will assess a design in
environmental terms and highlight the more problematic areas. As with the other matrices
described it does not advise how to address these problems. To fully illustrate such problems it
is necessary to look at the factors which affect them. Product classification systems which

describe the specifics of a products life-cycle can be used to do this.

5.3.4 Summary of Environmental Design Frameworks

Holloway (1994) has shown that there is a very strong connection between most of the DFE
frameworks developed or suggested and general ‘green’ design guidelines. The failings are not
so much in the frameworks but the systems and methods in place to support the frameworks.
Evaluation of design through established methods such as matrices and comparisons of designs
on specified criteria as well as systems for identification of the correct design strategies are

needed if these frameworks are to become an integral part of product and system design.

5.4 DFE Systems and Methods

As with DFE frameworks, there are a number of DFE systems and methodologies that have
been developed in recent years. Most of these systems and methods deal with materials and
processing selection on a life-cycle basis in terms of environmental performance. Some of the
more noted systems are the EPS system - Environmental Priority Strategies in Product Design,
Ryding et al. (1993); the system which is used by the SimaPro computer program, Cleij et al.
(1993) and the PEMS system developed by PIRA (1994). These are by no means the only
methods and systeins which exist but they are the most widely known. All these systems
operate using the same general LCA concept, as shown in figure 5.8.

They follow the same method as the first stages of an LCA. The designer supplies information
about the product of system in terms of materials, processing, use characteristics and disposal

operations.
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These systems then carry out an inventory calculation and present the results to the designer.

They differ mainly in the way in which the information is presented to the designer.

5.4.1 The EPS Environmental Design System

‘The main idea of the EPS system is to make environmental loads and environmental impacts
of products ‘visible’ through a transparent eco-calculation procedure to provide a holistic
approach offering a synthesis and integration of environmental concerns’, Ryding et al. (1993),
this is shown in figure 5.9.

-~ ~

-~
~ =
//’ Final product

C D =Material The total environmental load index
= sum of the environmental load
[ =Process indices for the sub-processes (A - D)
{a = Various pollutant
emissions

Figure 5.8 Outline of Calculation Procedure for Environmental Design System (EPS)
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There are 3 main purposes of the EPS system:
o Describe the environmental impacts of the consumption of energy and raw materials, and
pollutant emissions, during the different phases of the life cycle of a product,

e Systematically provide information useful for an integrated EIA of products - from cradle

to grave,

¢ Evaluate the environmental consequences of alternative processes and construction in

relative terms, to enable comparisons between different process approaches and product

designs.
Purpose of stud Material and
rpo Y > process inventory
4
/
/
U4 -
V4 Goal Valuation of )
,/ Delinition Inventory safeguard subjects
/ and Analysis
,I .
Calculation of
Decision environmental load jg—

indices

Impact N
Assessment Calculation of
environmental load
values
Comparison . Sensitivity and
Evaluation error analysis

Figure 5.9 The Stepwise Calculation and Assessment Elements of the EPS System

As with most environmental design systems it is the evaluation stage which is the most

important as it puts the results into context.

The system calculates in the way discussed earlier and follows the standard LCA approach.
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5.4.1.1. Environmental Load Units

The way the system attempts to help designers in making their decisions is presenting the
overall environmental impact as a single figure in Environmental Load Units (ELUs). An
example of this is given in table 5.1 where the system is used to assess the environmental effect
of a GMT composite component for a car.

The ELU is derived from an environmental load index which represents a valuation and
weighting of how important use of a selected resource or emission of a certain pollutant is. As
can be seen the system uses a sign convention where emissions to the environment are positive
figures and the use of waste materials etc. are seen as reducing the burden on the environment
and presented as negative figures.

There are advantages and disadvantages to presenting data in this way. A single figure makes
comparison very easy but may hide valuable detail about the overall system, Holloway (1994).
There are also a number of issues surrounding ‘exchange rates’ in ELUs. Exchange rates are
used to compare pollution in different media, for example how do we compare ELUs for water
with ELUs for air. The use of a sign convention is also advantageous for an overall rating
system, however the main problem with this system is the lack of support for the designer in

looking for alternative materials, processes or designs.

PRODUCTION
Material/ Process/ Environmental | Quantity Environmental
Product Activity Load Index load value
GMT - composite | Manufactured 0.58 ELU/kg 4.0 kg 2.32ELU
material
GMT - composite | Reused -0.58 ELU/kg 0.3 kg -0.17 ELU
production
scrap
0.03 ELU/kg 4.0 kg 0.12 ELU
Pressing
Sum: 2.27 ELU

Table 5.1 Example Calculation using the EPS System
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There is no question that the system allows the designer a structured approach to assessing
environmental impact but it lacks the sophisticated comparison facilities that are needed within
DFE methods and systems. Although in many cases the final decisions will be in the hands of

the designer a more ‘developed’ comparison and evaluation stage is needed.

5.4.2 The SimaPro Environmental Design System

SimaPro is an environmental design method which is embodied in a computer tool. The
specifics of which will be dealt with in a later section of this chapter. SimaPro was developed
to allow designers to ‘analyse and compare products.” Cleij & Goedkoop (1995).

For the designer who wants to use environmental data in their designs SimaPro is an easy to
use, well structured system. It is one of the oldest and most used environmental design systems.
SimaPro works on the main principles of LCA. The user inputs information about materials,
processing, disposal etc. and the system performs a full LCA. The results are presented
graphically and in tabular form.

The system presents a breakdown of all inputs, air emissions, water emissions and waste
produced in a tabular form to allow the designer full access to important information. It is in
the way the system presents results that the anomalies of this system show.

To allow the designer to compare products and processes in environmental terms SimaPro uses
three systems of results presentation.

1. Normalisation

2. Classification

3. Eco indicators

Figures 5.10 - 5.12 show examples of these.

5.4.2.1 Normalisation

Normalisation is a qualitative method used to represent the average European load of a citizen
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during each year. The units for these are not specified in the documentation. The graph shown
in figure 5.10 is multiplied by a weighting factor for each effect, (acidification, smog, energy
etc.) to give an overall effect. These weighting factors used are MAC values for air and O.v.D
values for water. The factors used for calculation of acidification and smog etc. are not made
apparent by the system. This will allow designers to predict the actual effect on the population

of producing, using and disposing of the design in question.
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Figure 5.10 SimaPro Normalisation Graph

5.4.2.2 Characterisation

Characterisation, shown in figure 5.11, is the system of grouping emissions together into
environmental effects. Emissions such as sulphur dioxides and nitrogen oxide will be added
together under the classification of acidification as they are a major cause of acid rain.

Emissions such as carbon dioxide and methane will be added together under the classification
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of greenhouse effect and so on. The contribution of each component of the LCA (i.e. material
or process etc.) to the particular environmental effect is shown on the graph. This is another
very good aspect of the SimaPro system. It allows designers to predict tangible environmental

effects of their actions.
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Figure 5.11 SimaPro Characterisation Graph
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Figure 5.12 SimaPro Eco indicators Graph

90



g T~ A A ATAWeRA MEmwmTATIT S TUTASATASAY A ATWIAWWAL S8 Aqamsvaes UeAAGERwEswERS & TEFTDLDTT

5.4.2.3 Eco-Indicators

The eco indicators system which is shown in figure 5.12 is very similar to the ELU system used
in the EPS Method. It is a method which has been developed by Pre-Consultants in
collaboration with Phillips, Volvo and several Dutch Universities. The eco-indicator of a
material or process indicates its environmental impact based on data from a life-cycle
assessment. The higher the indicator the greater the impact. By presenting the results as shown
in figure 5.12 SimaPro gives an immediate view of which element of the design dominates the

eco-behaviour.

5.4.2.4 Comparison of Alternative Designs

SimaPro does contain a competent comparison system for evaluating more than one design
concept. One product is taken as the reference point and others are compared to that. e.g.
Product 1 energy usage is 25 MJ and is classed as 100%. Product 2 has an overall energy
requirement of 22.6 MJ and is therefore calculated as 90.4%. This type of system is very useful
to designers when making comparisons as it allows objective decisions to be made in an area
where this is usually very difficult.

Because of the features used by the SimaPro system, and the comprehensive databases which
support it, it is easy to see why it is the most popular system in use. It does however have some
shortcomings. The main problem is that of decision support for the designer. It can compare
different products or systems presented by the designer but makes no attempt to try and offer
advice as to changes which could be made to improve the overall environmental performance.
Once again there is complete responsibility on the designer to try and formulate different

designs, the DFE system used does not offer any help in this area.
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5.4.3 The PEMS Environmental Design System

The PEMS system or model was developed by PIRA International and has four major uses:
(Kirkpatrick et al.(1994))

e benchmarking environmental performance

e identifying opportunities to realise environmental improvements

e assisting in the design of new products and processes

e setting targets for environmental management systems

AAR AJAA YV AL VAAARAWALWERA AL WSSy as

The main framework of the model again relies on the process of LCA and example is shown in

figure 5.13. The overall operation of the system is similar to the others discussed previously.

A simplified system flow diagram for packaging
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Figure 5.13 Example of the PEMS LCA System
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5.4.3.1 Impact Analysis & Ranking

The PEMS system incorporates a useful system of impact analysis similar to that used in the
SimaPro model. Each of the emissions present as a result of the product or system being
investigated are classified , characterised and then given a value. Classification falls into one of
4 categories as shown in figure 5.14

One of the potential shortcomings of this system is the practice of ranking of environmental
effects and impacts. For example it is claimed that methane is 20 times more damaging as a
greenhouse gas than is carbon dioxide. This particular example is well founded and research
suggests that it is the case. However in many cases the ranking of environmental impacts is not

a safe practice as too little is known at this stage to be able to effectively use such a ranking

system.
| IMPACTAsiSEssuam
]

Inventory . Classification Characterisation ‘ Valuation
Cco2

7 Global warming ———»  GWP
CFC's
HCFC's Ozone layer depletion ———————» ODP

Ranking of environmental impacts
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Figure 5.14 PEMS Emission Classifications System
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5.4.3.2 Comparison of Alternative Designs

Figure 5.15 shows a ‘credited energy graph’ comparing plastic bottles with different
percentages of recycled plastic content. The total inherent energy within the product is
represented as a whole and also as a breakdown of process energy and energy that is
recoverable from the product. This gives an overall net energy requirement of the product, or
system, in question.

The problem with this graph is that it does not show any data as to the emissions created when
recovering the energy from the product. In certain cases the incineration of particular
substances in order to recover energy will resulvt in harmful emissions, sometimes emissions
which are more harmful than if the energy was generated from another source. Such
information needs to be made available to the designer in they are to make informed decisions

about the comparisons being made.
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Figure 5.15 PEMS Credited Energy Graph
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5.4.3.3 Sensitivity, Problem Oriented & Critical Volume Data

Figure 5.16 shows the PEMS system ‘sensitivity graph’. This compares the difference in
eﬁvironmental damage between a number of design options showing the change in percentage
figures. The example shown highlights such areas as oil consumption and water consumption
as being areas of definite improvement when using 30% recycled plastic in the manufacture of
bottles. The way of presenting results allows the designer much more tangible information for
use in decision making.

The PEMS system also presents its LCA results in terms of ‘problem oriented graphs’, figure
5.17, which gives a visual representation of the classification system discussed earlier and
‘critical volume’ graphs, figure 5.18, which use a ranking system similar to that used in both

the SimaPro and EPS systems.

Figure 5.16 PEMS Sensitivity Graph
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Figure 5.18 PEMS Critical Volumes Graph

5.4.3.4 Summary of PEMS System
In summary PEMS is very similar to the other environmental design systems looked at in this
chapter in that it performs LCA studies and presents the data to the designer in a which attempt

to help in the decision making process and comparison of design alternatives. In many ways the
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system does just this but again there are no mechanisms in place within this system which
actually attempt to give the designer a explicit advice on the choice of materials or processing

for a particular design which may reduce environmental impact.

5.5 Information and Databases

One of the most important components of any LCA study or environmental design system is
the information and data sources that are used. This is still the biggest problem area in most
studies and as a result of this many studies are now using the same data. Habersatter &
Widmer (1990) and Steinhage & Dam (1990) are the two data sources which are most
commonly used in European environmental design. The two studies are usually referred to as
Buwal and Van den Burgh & Jurgens respectively and are based on lengthy studies carried out
within Europe over a number of years.

Goedkoop & Volman (1992) is another general source of data. These studies give inputs
required and emissions data for material extraction, refining and processing as well as recycling
and other disposal practices such as incineration. Studies by the APME cited in earlier chapters
are now also becoming the standard for use in European environmental design exercises.
Accurate data of a high quality is critical to the success of environmental design exercises.
Most of the data available is averaged from hundreds of separate studies. There will obviously
be large differences in specific practices as far as energy usage and emissions is concerned, but
at this stage in the development of environmental design systems the data available is
sufficient. As long as the data used in comparative studies is either actual data recorded for the
operations in question or average data taken form the same study, such a those cited above,
then a meaningful comparison may be made between different products or systems. Caution

should be exercised in using the data as absolute.
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5.6 Materials Selection Methods

There are many ‘traditional’ materials selection methods which exist in engineering. By
traditional it is meant methods which select material to a given set of mechanical, or other,
criteria. Environmental criteria in materials selection is becoming increasingly important and is

the mainstay of many of the environmental design methods discussed earlier in this chapter.

5.6.1 Ashby’s Material Selection Method

Ashby (1992) points out that ‘There is a growing interest in reducing and reversing this
environmental damage. This requires the selection of materials and processes which are less
toxic, and can give products which are easier to recycle, lighter and less energy intensive; and
this must be achieved without compromising product quality’ In engineering most materials
selection has been carried out using approaches similar to the ASM Handbook (1991) or
Materials Selection Charts, Ashby (1993).

There are very few materials selection systems which deal with environmental data. This is
because of a number of factors, not least that many environmental effects are difficult to
quantify.

Ashby (1992) has made some progress in terms of selecting materials on an environmental
basis by further developing his materials selection charts to include energy as a design
parameter. Of all the environmental concerns, energy usage or requirement is one of the easiest
to quantify. This is shown in figure 5.19. This system allows designers to design to mechanical
requirements while also taking into account environmental concerns. At this stage these
‘environmentally-based’ materials selection charts are confined to energy content only. If they
are to be developed further and used by designers, a way of quantifying other environmental
effects will be needed. The main problem with this type of materials selection is the

manipulation of large amounts of data and that the decision on the ‘best’ material is again left
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solely to the designer. Ashby’s charts offer much more clearly defined guidelines than other

methods.
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Figure 5.19 Ashby's Modulus-Energy Content Materials Selection Chart

5.6.2 The IDEMAT Materials Selection Method

One of the latest environmental materials selection methods to be developed is called IDEMAT
and was developed by Delft (1996). ‘It provides technical information about materials and
processes in words, numbers and graphics, and puts emphasis on environmental information.’,
Delft (1996). The system covers standard metals and plastics and also materials like glass,
wood, fabric, rubber, ceramic etc. Altogether it contains data on over 350 materials. The system
provides information regarding mechanical, physical, thermal, electrical and optical properties,
and also data on processabilities, and environmental information. ‘The environmental

properties are given in a graph showing the environmental effects normalised with the Dutch
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national effect scores, associated with the production of one kg of the particular material.” Delft
(1996). Moreover, the Eco-indicator for that material is given enabling a quick impression of
the environmental impact of that material.

Materials are selected by specifying all the demands in terms of minimum and/or maximum
conditions. The system suggests all the materials that meet the requirements. It is apparent that
the materials selection system offered by IDEMAT is a step in the right direction but it requires
a high degree of detailed knowledge in terms of materials mechanical properties. In many cases
designers do not know the numerical values of the strengths or stiffness required of materials
for particular applications. It is this fact which may cause the biggest problems in using this
system. For designers who do not have this technical knowledge a different way of describing

the properties required is needed.

5.7 Summary of Environmental Materials Selection Procedures

Structured materials selection procedures exist but at the moment do not take enough
environmental information into consideration. The frameworks of these systems are such that
they may be adapted to include this information. There is no need to try and develop a complete
new system of environmentally-based materials selection. Adoption and adaptation of existing
methods may result in the structured integration of environmental concerns into the materials
selection process. This may also be the case for process selection methods which are very

important in DFE systems.

5.8 Computer-Based Tools

Due to the large amount of information that must be processed in DFE exercises many of the
methods and systems under development are in the form of computer tools. Both the SimaPro

and PEMS systems discussed earlier were developed as computer models.

100



WA AASSPFTWAE A AR WURAVAVESE ARWIAWIT A MAAWAILY A 2MVIHATYLD AL ARV AL UALRAATERTRARE A WY TDT

In recent years much work has been carried out in this area by the likes of Petrides et al.
(1994), Holloway & Tranter (1995), Diaz-Calderon et al. (1994) and Chen (1995) among
others.

Poyner & Simon (1995) presented a summary of some DFE computer tools as shown in table
5.2. Many of the tools summaries here deal with end-of-life concerns and therefore are subject
to the same problems discussed in the previous chapter. End-of-life measures are important but
an overall environmental life-cycle picture is needed in order to fully address any apparent
problems.

Those tools developed by Navin-Chandra (1993), Ishii (1994) and Diaz-Calderon (1994) all
require very specific design details to be used and therefore are only of any real use at the detail
design stage. The main problem here is that at the detail design stage it is usually too late to
influence the major environmental effects of the design. Tools and systems which allow
comparison of concepts in environmental terms at an earlier stage in the design process such as
those developed by Chen et al. (1995) and Kassahuan et al. (1995) will be of much more

benefit to designers.

5.8.1 ImSelection Computer Tool

This computer tool attempts to ‘integrate the environmental life cycle impacts of materials into
traditional engineering material selection processes’, Chen et al. (1995). It does this by using
design criteria, entered by the designer, that the material must match. These design criteria are
in the form of both shape and mechanical properties. Designers will tell the system that the
material they need requires strength, and stiffness, for example, and is flat in shape.

This is an excellent way in which to choose materials as this is how most designers work, by

using ‘descriptors’ which describe the properties of the material.
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Computer Tool

Scope / Philosophy

How the tool will be used in
the design process

Design for Environment

Analyses end of life options

Used during assembly

(DFE), based on DFA/DFS and life-cycle data for analysis requires data on
software. components in an assembly, | assembly relations of all parts
Boothroyd & Dewhurst including disassembly cost and fastening methods to be
(1987) and recycling options. entered. Links with CAD.
Materials Selection An expert system to enable Used after a product has been
Chen et al (1995) suitable cost / environmental | specified to enable the

material choices to be made
based upon the input of a
products specification.

A product can be made form
the most suitable
‘environmental’ choice of
material

designer to arrive at a suitable
choice of material based on
the required attributes of the
product.

Life Cycle Assessment (LCA)
(E.g. Commercial systems

Ecobalance tools that evaluate
system inputs and outputs for

Can be used as soon as the
processes, materials and part

from PIRA / Boustead) each life-cycle stage. Most weights are decided,
are limited to inventory effectively the design stage.
analysis - flows of materials Do not directly point up
and energy design options.

ReStar Performs disassembly Requires complete geometric

Navin-Chandra (1993)

analysis on a particular
design. Optimising a design
using exhaustive search of
possible reuse/recycle/etc.
choices at each step of
disassembly.

assembly relations for the
product: hence useable only
at the design stage.

Design for Product
Retirement
Ishii et al (1994)

Based on Design
Compatibility Analysis;
provides qualitative ratings
for designs and cost
summaries.

Requires the product structure
and fastening methods to be
entered graphically.

Advisor For Component
Design
Diaz-Calderon et al (1994)

Expert system combined with
geometric modeller; gives
advice to designers by
analysing assemblies.

Used to evaluate geometric
models of parts or assemblies
for material compatibility and
fastening techniques; detail
design stage.

Green Design Tool
Kassahun et al. (1995)

The tool analyses a design
and associated processes for
their ‘greenness’. By
measuring the ‘greenness’ of
certain attributes of a design,
a designer can try to make
improvements to their
designs.

Can be used as soon as the
basic embodiment of a
product has been designed.
The output allows the
designer to analyse quickly
alternative designs and
manufacturing methods.

Table 5.2 A Summary of some DFE Computer Tools - Poyner & Simon (1995)
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The methodology integrates product performance requirements, shape constraints, material

properties, manufacturing processes, environmental burdens and costs.

The main aim of the tool is to help calculated overall cost including environmental cost. In this

tool environmental cost is seen as two separate costs:

1. Internal Environmental Cost - which is defined as cost to the manufacturer associated with
environment related activities.

2. External Environmental Cost - which is defined as the cost of environmental impact on
society.

These costing systems are based on the cost in $/kg of releasing pollutants into the

environment. This type of costing is very difficult to assess an is different in

geographical/political location.

The tool does look at whole life-cycle costs by including processing and disposal. The results

are then presented in a table to the user giving overall figures for pollution, cost etc. Although

these figures are supported by discrete data it is not presented in a very transparent way. The

discrete data on environmental burdens is presented in a number of sub-databases which do not

seem to be able to be pulled together. This allows the user to look at the separate environmental

burdens of say, processing, but it will become time consuming to work out a complete set of

total discrete data for the full life-cycle of the product or system in question.

With more careful thought in the areas of data input and results presentation ImSelection may

be a very useful tool for designers as it presents them with material and process selection

options in order that they may attempt to reduce the environmental impact of their actions.

5.8.2 Green Design Tool
Kassahun et al. (1995) have also recognised that to ‘facilitate the acceptance and eventual
incorporation of DFE as part of product design criteria, both the product design and product

management community need a friendly DFE tool.’
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To this end Kassahun et al. have presented a framework for the development of such a

computer tool. As with most of these tools and systems it uses simplified LCA theory with the

user identifying the different materials used in the design along with the actual amounts of each

needed. This computer tool uses a system termed ‘greenness attributes’ in order to assess the

environmental burden of a design shown in table 5.3.

When the details of the design have been specified the system uses a number of calculations to

present a single figure for the ‘greenness’ of the design.

Attribute Number Attribute Description

1 Reusability Use of sub-assembly in its
original form.

2 Label Any marking associated with
materials and means of
attachment if applicable.

3 Internal Joints Any kind of joint within in the
sub-assembly.

4 Material Variety The number of different
materials used to make the sub-
assembly.

5 Material Identification Use of international or industry
accepted markings.

6 Recycled Content Recycled content of the
material(s) used in the sub-
assembly.

7 Chemical Usage Chemicals used in usage (not in
manufacturing processes)

8 Additives Any material added as a
stabiliser.

9 Surface finishes Any surface treatment.

10 External Joints Any type of joint which attaches
one sub-assembly to another sub-
assembly.

11 Hazard Level of Materials A measure of the degree of

hazard, toxicity, etc.

Table 5.3 ‘Green’ Attributes used to Assess Designs - Kassahuan et al. (1995)

The product greenness figure merit is, M4, is €xpressed as:

Mproduct = ZM(Z; a = 13293 el

104




massprvvR M &= AATAARL AR T AWIYT WE WWnases VAR A STV IeVER ARA SARR T AR vaAsRRERmEETEEEs /O T

where Ma. is the cumulative figure of merit for attribute O and is given by:

Ma = mqg W,
where W is the weighting factor for attribute O and j is the number of the sub-assembly within

the product.

By calculating the total number of attributes for each sub-assembly of the design, multiplying
them by the appropriate weighting factor and adding them all together a total ‘greenness’ figure
is calculated. This allows designers to compare different design options on a single criterion.
There are problems associated with this type of assessment as discussed earlier. In this case
there could be a very big problem with weighting factors. If the weighting factors are only
slightly inaccurate the cumulative error by the end of the calculation could be very large.

The literature does not show if the computer tool offers actual discrete emissions data to
designers. However this tool is useful for assessing attributes which are difficult to quantify,
such as labelling or mixing materials.

As with most computer tools this system does not actually offer any advice to the designer and
contains no ‘expertise’ within. The final decision is left solely on the designer, which many
argue should be the case, but the designer is required to have a certain degree of knowledge
about environmental problems and how to reduce them through design which may not be the

case. The system does not offer any design options as part of its operation.

5.8.3 The Latest Computerised Environmental Design Tools
Recently two more computerised DFE tools have become available commercially. These tools

are Eco-Scan and ECO-it and both are simple to use abridged LCA design tools.

5.8.3.1 Eco-Scan

Eco-scan allows the simple description of products by breaking them down into their
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component parts and specifying the materials, weight and processes of the part. Information on

other life-cycle stages, transport, use and disposal, is also included. Figure 5.20 shows the user

interface of this system.

The calculation of environmental impacts is based on the eco-indicators method discussed
earlier. The software itself contains a comprehensive database of materials, processes,

transportation data and disposal scenarios.

Production | ;

Disposal

File

Edit View Database Wizards

mPt

T
S

[ Transportetion

EdiE
=
=)

Description Amount EcoScore
£) Coffee maker per pc 36.54
£} Housing per pc 393
Housing per pc 295
?: ABS 300g 279
Injection molding, general 300g 016
Lid per pc 058
?‘ ABS 60g 0.56
+ Injection molding, general 60g 003
Water-gauge per pc 0.39
PC 309 039
£ Jug per pc 183
Jug per pc 1.26
Glass 600¢g 1.26

€ Hande: perpc 048 D,
% PP 120g 0.40
Injection molding, general 1209 0.06
L Lid 1pc 0411
& Fiter 1pc 0.46
“{% Electric part 1pc 30.32
Total 36.54

Figure 5.20 Eco-Scan User Interface

The resuits can be presented in a number of ways but all allow the designer to identify which

stage of the design has the largest impact on the environment. Figure 5.21 gives an example of

this.

One interesting aspect of the Eco-Scan software is the inclusion of a life cycle costing module.

Although cost data must be calculated by the user it allows the parallel consideration of
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environmental impact and associated cost. This will show whether there is a correlation
between the two costs of whether some of the cheapest phases in financial terms are the most
environmentally polluting.

This system is easy to use and gives simple transparent results presentation. It can be used at
the design stage as soon as the product parameters have been fixed. It is the type of tool
favoured by Billet (1996) as it can be easily and readily used by designer who need not have

extensive knowledge of factors affecting design and the environment.

Extra Window

Coffee maker
Production
EcoScore: 36.54 mPt

Fiter 0.46 mPt

Jug 1.83 mPt

Housing 3.93 mPt

Electric part 30.32 mPt

Figure 5.21 Example of Results Presentation of Eco-Scan Software

As with all the other tools discussed so far it is lacking in the facility to offer less experienced

designers advice on materials and process selection and other issues such as disposal scenarios.

Although life-cycle percentage impact is presented no advice on how to reduce this is given.
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5.8.3.2 ECO-it

ECO-it comes from the same stable as the SimaPro software discussed earlier and is a direct
competitor the Eco-Scan. It again uses the eco-indicators method of calculation and functions
in a very similar way to Eco-Scan.

The similarities in user interface can be seen in Figure 5.22. The main difference in the
software is the lack of a life cycle costing module in ECO-it.

Figure 5.23 shows the way in which ECO-it presents its results. The results are in mPt from the
eco-indicators method. As with Eco-Scan there are problems with presenting environmental

affect as a single parameter result. This was discussed in more detail in Chapter 2.

CAECO-IMPROJECTS\COFFEE.EPJ

Figure 5.22 User Interface of ECO-it Software
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This tool is another simple and effective way in which designers may carryout LCA exercises

and use them in DFE studies. Design advice is not given by this software tool.

Figure 5.23 Results Presentation of ECO-it Software Tool

5.9 Chapter Summary - Overall Needs within DFE Methods

As this chapter has shown there is much work going on in the area of DFE and particularly in
developing methods and systems for designers to use. There are however some unfulfilled
needs within these systems and methods.

Currently most of the methods and systems are:

e Structured

e Relatively simple to use

e accelerate the DFE process

e allow comparison of different design options in environmental terms
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Only some of the systems offer:
e transparent presentation of results

e adegree of advice in terms of design options

What is needed is a DFE method or system which is easy to use and does not require the

designers to have in depth knowledge of the environment and its related problems. By

reviewing the systems already in use or under development the following attributes have been

identified as unfulfilled requirements of a useable DFE system:

e Mechanisms which help to identify the correct environmental design strategies to adopt in
order to address the environmental problems in question.

e Methods of selecting materials on a mechanical/environmental basis without the
requirement of detailed data in terms of mechanical properties and geometric shape.

e Systems which present the designer with advice as to design changes, in terms of materials,
processing and disposal routes, which if implemented will result in a reduction of the total

life-cycle environmental impact of the system.

Due to the huge amount of data manipulation and calculations that such a system requires it is
anticipated that they will be developed in the form of computer tools. As with many
engineering design strategies computerisation will help structure and accelerate DFE. It has
also been shown by Ryding et al. (1993) that ‘there was a massive support for the development

of practical and user friendly PC-based LCA software.’
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Knowledge Based Systems and their use in Environmental
Design

6.1 Introduction

There are many ways in which one may use computers as aids to the design process. This has
been shown by Colton & Dascanio (1992) and Diteman & Stauffer (1992) who have
reviewed the way in which users may interact with such tools as well as their framework and
uses. Figure 6.1, Dym & Levitt (1991), shows the felationship between developments in
computer science and engineering applications in general terms. The conceptually simplest
form of such a tool may be a numerical manipulation package such as spreadsheets, these tools
are by far the most common and widely used. Further up the hierarchy are drawing packages
and CAD systems., the current generation having progressed to parametric CAD systems which

automate the design process to a certain degree.

Computers

. . Computer
Engineering .
applications scence
Numerical  Languages;  Artificial
analysis operating  intelligence
systems;
database
management
systems
Y
~¢———  Algorithms
l< Software
engineering
Y
Knowledge-based

A

(expert) systems
(KBESs)

Figure 6.1 Relationship between Developments in Computer Science and
Engineering Applications
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When using computers to support design activities it is important to identify the levels of
knowledge that are required. Szykman & Cagan (1992) showed that it can be separated into 3
areas:

1. knowledge about the design instance

2. knowledge about the domain of the design

3. various levels of abstraction of the knowledge.

Ryan & Harty (1990) describe a methodology for computer aided preliminary design which is
based around the theory that ‘successful design is one which satisfies, to an acceptable extent, a
number of constraints’, with these constraints rising form a number of different sources. This is
what has become known as knowledge based design.

Green (199?) defined Knowledge based design as incorporating ‘design rules, costing data and
company expertise to produce a design solution that not only meets the needs of the design
group but also satisfies the rest of the companies departmental and managerial needs.’
Computer aided knowledge based design can aid the conceptual design phase and incorporate
the downstream needs of the production department at this very early stage, Green (199?).
There are many downstream activities and needs which can be addressed at the design stage
and as discussed in earlier chapters, environmental considerations are growing in importance.
Potentially the most comprehensive and powerful design tools are those which use the
technologies of Artificial Intelligence (AI) and its subset Expert Systems (ES). Such tools can
automate the process of knowledge based design and are being incorporate in the next
generation of design aids as they embody expertise and aid the design process.

Computer based tools may provide valuable aids to the development of 'green' design and
manufacturing practices and a powerful system to support concurrent engineering. For specific
use in areas of environmental interest such tools should supply developers and designers with
up-to-date information in a readily usable form. To this end a number of different tools may be

suitable, such as databases and spreadsheets but as in the case of general design support the
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Al and ES tools may offer the best opportunities.

'For over a decade now AIv,techniques have been applied to some of the hardest problems faced
by business today often with stellar results and a ten-fold plus return on investment.’, Herberg
(1993). Holloway & Tranter (1995) have studied this area and concluded ‘With
environmental problems being some of the most far reaching that engineers have had to deal
with it seems Expert Systems and Al could offer the answer.” As with most computer aided
tools there-a number of different scenarios in which Al and ES can be used. In order to assess
the way in which these tools may be used in design generally and specifically in green design,
and what degree of support they can offer to design teams, we need to look at expert systems

and how they are developing.

6.2 Knowledge Based Systems

An expert system is ‘a computer program that represents and reasons with knowledge of some
specialist subject with a view to solving problems or giving advice’, Jackson (1990). These
systems may be used to fulfil functions which normally require human expertise or as advisors
to decision makers. If the user is an expert in the field then the computer system must justify
itself by increasing his productivity. Alternatively the system may tutor users with less
experience allowing them to develop a level of expertise with assistance from the programme.
Typical tasks for expert systems include data interpretation, diagnosis, structural analysis,
complex configuration and planning sequences.

The term knowledge based system is often used to describe expert systems although strictly
speaking the former is a much more general term. A knowledge based system contains
information that will allow it to converse about a certain subject while an expert system will

embody the expertise of the area allowing it to make its own decisions.
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6.2.1 Basic Architectures of Knowledge-Based Systems

The basic architecture of a knowledge based system is shown in Figure 6.2, Dym (1985).As

can bee seen in basic form it has five main parts:

e Input/output facilities allow the user to communicate with the system and to create and use
a database for the specific case in hand.

¢ A working memory which contains the specific problem data. This includes the data from
the user interface as well as the intermediate to final solutions created by the system itself.

e An inference engine that incorporates the reasoning methods. This engine uses the data
from the input facility together with the data and knowledge held within the knowledge
base to solve the problem and provide an explanation for the solution.

e The knowledge base contains the basic knowledge of the domain or subject. As the
knowledge in most cases will come from human experts it contains facts, beliefs and rules

unique to the expert or domain.

User 1/0 facility

Specific data _
Inference
engine

Advice and
explanations

Expert Knowledge
acquisition
facility

Knowledge base:
Domain rules, facts

Figure 6.2 The Components of a Basic Knowledge Based System. Dym (1985)
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The knowledge acquisition facility is not always an integral part of KBS. This facility can

allow the system to acquire additional knowledge about the domain from the experts as it

changes or needs to be updated. Some systems may be automated to allow the automatic

acquisition of data from libraries, databases, etc.

Though definitions vary Jackson (1990) suggests that there are a number of features all of

which should be exhibited to some degree in any expert system:

Simulation of human reasoning. The program focuses on emulating the experts problem-
solving abilities i.e. performing the relevant tasks as well or better than the expert.

It performs reasoning over representations of human knowledge. The knowledge in the
programme (knowledge base) and the codes that perform reasoning (inference engine)are
kept separate.

Problems are solved by heuristic or approximate methods which are not guaranteed to
succeed. Heuristic methods are rules of thumb which do not require exact data to propose a
solution. Such solutions derived by this system are proposed with differing degrees of
certainty.

The complexity of problems dealt with by the expert systems usually require a significant
degree of human expertise. Unlike many Al programs which are purely research vehicles,
expert systems, because of their relative simplicity, solve problems of genuine commercial
or scientific interest.

To be a useful tool it must exhibit high performance in terms speed and reliability. A useful
expert system must propose solutions in a reasonable time and give correct solutions at
least as often as a human expert.

As an expert system may be used by a wide range of operators, who may not have the |
relevant knowledge of the field, the systems should be able to explain and support the

decisions or recommendations it makes and justify the reasoning involved.
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By looking at the basic architecture of an expert system and some of the tasks that they might
perform it is apparent that this basic architecture may need to be expanded in some cases.
Figure 6.3, Maher & Allen (1987), shows the components of a more elaborate knowledge-

based (expert) system.

Problem data Current context
(working memory)
Advice and
explanations
Explanation Inference
facility engine
Expert Knowlgc.lge Knowledge base:
acquisition ;
ot Domain rules, facts
facility

Figure 6.3 The Components of a more Elaborate Knowledge Based (Expert) System.,
Maher & Allen(1987).
As can be seen this structure includes an explanation facility that explains to the user the
reasoning behind any particular problem solution. It is this particular feature that is important
when using the ES as an advisor. In the same way as we want human experts to explain their
reasoning when they make a decision or give us advise, we need expert systems to be
transparent and make their chain of reasoning explicit. With the ability to explain reasoning ES

become more readily accepted by their users.
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There are a number of methods of knowledge representation in ES, which include:
e Objects and properties

e C(Classes and instances

e Rules

e Objects and relations

6.2.2 Knowledge Representation
As mentioned earlier in this chapter there are a number of ways in which knowledge may be
represented in ES and each will have a possible use in supporting design. Klein (1992) and Xue

& Dong (1993) have looked at the way in which differing representations may be used.

6.2.2.1 Objects and Properties

Essential parts of representations are objects. Objects may be both physical or non-physical. By
defining an objects attributes properties and methods may be allocated to it. ‘The values of
these properties describe the object.” Klein (1992). Many design activities are based on the
consideration of object properties, be they mechanical, financial or environmental. Objects also
contain methods, pieces of programming code which are generally used to perform internal

calculation or reasoning and communicate with other objects.

6.2.2.2 Classes and Instances

In many design activities it is useful to sort objects in classes. Each class can have defined
properties and property values.

These classes may be formed into hierarchies and so give a structured representation of
knowledge. Classes can be split into subclasses with the lowest level classes being called
instances as shown in Figure 6.4. This is a simple hierarchy which could be used to represent

engineering materials and their properties. Properties and their values can be brought from a
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super class to a class through inheritance. For example the property of high electrical
conductivity may be placed in the class metals and inherited down to all the subclasses and
instances. This will help in design as it can aid the search for different materials matching
certain property requirements, and can provide default general characteristics in circumstances

where the detailed data about an instance is not available.

Fermus<Imn
Metal9< Steel

Non-ferrous

/ HDPE
\ Polymers €&~ LDPE
Non-Metals<p3p3r9 ABS

Other

Materials

Figure 6.4 Example of an Object Hierarchy (classes and instances)

6.2.2.3 Objects and Relations

Relations are a way of creating “Object x Attribute x Value” triplets. Defining relations allows
flexible handling of objects. In certain phases of the design process and specific design
activities it is this flexibility which will help ES become more readily used. Bowden &
O’Grady (1989) argue that flexibility of computer design tools at the conceptual design phase

is of the utmost importance to designers.

6.2.2.4 Rules

Early knowledge based systems used a rule-based design to handle facts. Today systems often
allow multiple forms of representation and ‘rule-based handling of complex objects is
increasing in modern systems.’ Klein (1993). Rules can be used for a number of purposes
including the definition of property values, description of relationships between objects and

fixing constraints. Again many design activities are carried out using formal rules or ‘rules of
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