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Abstract: Product cost is one of the key attributes considered during the development process. The 
customer is interested not just in the purchase price but indeed in the total costs during the prod-
uct's life. The life cycle costs include initial cost, operating and maintenance costs, less any sal-
vage value. With increasing environmental awareness, the disposal cost can also become a signifi-
cant part of the total cost. The paper addresses the point that the whole life cycle including the en-
vironmental aspects be considered during the product development process. Several examples are 
shown to illustrate that products and processes can be made environmentally friendly and cost 
competitive at the same time. Review of literature is presented. 

1.  PRODUCT DEVELOPMENT AND 
COSTS 

Traditionally, the key ingredients in a manufacturing 
company's economic viability are (1) product inno-
vation, and (2) quickly developing and bringing 
products to market. The highly competitive nature of 
the marketplace requires that manufacturers be able 
to bring products to the customer, with the following 

attributes: (a) Be of high quality, (b) be delivered in 
short time, and (c) be of low cost [1]. Product devel-
opment consists of four steps: Product Planning, 
Design, Process Planning and Manufacturing. We 
look here at cost as the key development attribute. In 
each of the product development activities costs are 
incurred. These and how they are governed by the 
different activities is shown in Figure 1 [2]. 

 
Fig. 1. Costs set and incurred in different activities 
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It is obvious that the planning/design phases consti-
tute the smallest portion of the total cost, yet have 
the greatest influence on it. This stems from the fact 
that most of the decisions regarding the downstream 
stages of the product are made at these stages. The 

distribution of the total costs of a product during its 
life cycle vary according to the type of product. 
Figure 2 shows such a breakdown for three types of 
products [3]. 

 
Fig. 2. Cost breakdown for different life phases

As shown here, a simple tool's costs comprise only 
of the initial and disposal costs; an automobile has 
significant operating and maintenance cost, whereas 
a device such as an electric motor driven pump has 
the operating cost as the largest portion of its total 
costs. This figure also shows where the greatest cost 
reductions are most likely to be achieved. Operating 
and maintenance costs are, of course, time-
dependent. 

2. LIFE CYCLE ENGINEERING 

As the environmental concerns have become more 
important to the society, and thus eventually to com-
panies, the environmental impact of products need to 
be taken into account in the product development 
process [4]. In the final analysis, companies are 
concerned with product costs. It is generally (and 
falsely) believed that environmental requirements 
lead to higher costs. Several examples are cited here, 
that show where companies have applied innovation 
to both the product and the process to achieve both 
an improved product, as well as a `greener' image, 
which lead to market advantages. 

2.1. Definitions 
Design for Environment (DFE) is one of the design 
aims. It is one type of `Design for X', where X may 
stand for M (manufacturability), C (cost), A (assem-
bly), etc. DFE aims to integrate environmental re-
quirements in the design process. It thus seeks to 
minimize the environmental impacts of the product 
at each stage of its life cycle. The word `design' used 
here and elsewhere, is often used to describe the 
total Product Development Process (PDP). 

Eco-design/ecological Design is a term often used in 
European literature. It implies environmentally 
friendly design, i.e., low environmental burdens and 
combines the ideas of Design for Environment and 
Life Cycle Design. Green Design is a term also used 
to denote environmentally friendly design, i.e., cre-
ating low environmental burdens.  
Life Cycle (LC) of a product begins with material 
extraction and proceeds through material processing, 
manufacturing, use and its ultimate disposal (Figure 
3). Each of these activities is referred to as a life 
stage or phase. The term is generally qualified by a 
noun which indicates which aspect of the life cycle 
is addressed: A = Assessment; D = Design; E = 
Engineering; I = Inventory, etc. 
Life Cycle Assessment (LCA) is a method for as-
sessing the environmental impact of a product over 
its life cycle, i.e., at each of its life stages. Life Cycle 
Design (LCD) is a design methodology which con-
siders all life stages of a product. Many authors 
regard LCD and DFE to be interchangeable terms. 
DFE may be regarded as one of the aims of LCD. 
Life Cycle Engineering (LCE) is concerned with the 
total product life, from raw material acquisition, 
through material processing, manufacturing, use and 
disposal. The aims of LCE may differ, e.g., low cost, 
long life span, minimizing resource use, etc. 
Product Development Process consists of the steps 
of Product Planning, Design, Process Planning, 
through Manufacturing. The term `product design' is 
often used to indicate the complete PDP, although it 
is only one of the steps in the process.  The two 
approaches - DFE and LCE - have come to mean the 
same things. Once we begin to look at the complete 
life cycle of the product, the environmental impacts 
become important as a matter of course. 



 

2.2. Materials Flow 
Figure 3 shows the materials flow in the different 
life phases of a product [4]. Not shown is the fact 

that in each phase energy is required and waste is 
produced.

 

Fig. 3. Life phases of a product 

Figure 3 also shows how the terms reuse, remanu-
facture and recycle are applied. In the order of pref-
erence, a product (or its subassemblies, parts, etc.) 
should be reused. Failing that it can be remanufac-
tured and put back into service. The next preferable 
step it to recycle by way of reprocessing the materi-
als. The figure also shows that parts of a product 
may be put to a different use. The least desirable 
alternative is the generation of waste, which would 
end up in a landfill. Goals of life cycle engineering 
may be summarized into `reduce environmental 
burdens' and `find sustainable solutions.' The envi-
ronmental burdens consist of resource depletion 
(e.g., energy and materials), ecological effects and 
human health effects. A product generates environ-
mental burdens at each of its life stages. Different 
types of product generate varying amounts of burden 
in the different life stages. Figures 4 [5] and 5 [6] 
show just a small part of the problem facing the 
world. 
Figure 4 shows the generation of municipal solid 
waste per capita for some of the developed coun-
tries. In nearly all of the countries there has been an 
increase in solid waste generation over time. There 
is notable disparity between certain countries with 
comparable standards of living. There is a potential 
dependency of waste production in a country to 
resource consumption and the efficiency of resource 
use. 
Some of the literature on the life cycle will be dis-
cussed next. 
Conway-Schempf and Hendrickson [7] present an 
overview of the LCA, provide definitions, a histori-
cal perspective, stages of LCA and LCA methods. 
Two case studies show the effects of use of alternate 
materials: paper vs. Styrofoam cups and asphalt vs. 
concrete. Caudill, et al, [8] provide an extension on 
the LCA method (Multi-lifecycle Assessment - 

MLCA) by focusing more on quantifying materials, 
energy and environmental burdens associated with 
end-of-life options and on value of returning parts 
and materials back in use, through process modeling 
and understanding of demanufacturing, reengineer-
ing and remanufacturing. The MLCA software is 
presented as a tool is developed for analyzing and 
comparing the environmental impacts, energy con-
suming, and cost of different products. The software 
includes interfaces for the lifecycle stages of mate-
rial processing, production, packaging and distribu-
tion, use, demanufacturing, reengineering and re-
manufacturing. 
Sullivan [9] discusses Life Cycle Assessment in 
depth, in SETAC framework, including Life Cycle 
Inventory, Life Cycle Impact Assessment and Life 
Cycle Improvement/ Interpretation. He also presents 
other approaches to LCA, viz., EPS, Eco-Indicator 
95 Method and Threshold Inventory Interpretation 
Method (TIIM). He shows applications of LCA to 
the production of aluminum, for comparing power-
train castings of aluminum and magnesium, in the 
automobile industry and a comparison of three fruit-
juice containers by using TIIM. 
Life cycle assessment of non-ferrous metals, with an 
application to zinc production is presented by Ge-
diga, et al [10]. They emphasize the effect of differ-
ent technologies and different geographic locations 
on life cycle inventory. Data on primary energy 
consumption and SO2 emissions for selected alloys 
and alloying elements are presented. The LCA of 
zinc production is given for two processes: elec-
trolysis and smelting, and the resulting environ-
mental profiles are compared. The environmental 
impacts considered are primary energy demand, 
global warming potential and heavy metals emis-
sions. 
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Fig. 4. Worldwide generation of municipal solid waste

Caudill, et al [11] report on a computer-based simu-
lation and modeling of de-manufacturing systems. 
The software is intended to evaluate the operation of 
de-manufacturing facilities for electronic products. 
A typical de-manufacturing system consists of in-
spection of collected products, staging of the work-
flow, disassembly of products, shredding of products 
or components, separation into bins and shipment of 
the recovered materials and components for further 

processing or use. the output of the software in-
cludes system throughput, resource/worker utiliza-
tion, bottleneck identification, hazardous-
material/recyclable/solid-waste output characteris-
tics and cost and profit assessment. The software is 
intended to be an alternative to commercially avail-
able simulation software from the point of view of 
simplicity and thus requiring less training for its use. 

 
Fig. 5 Energy demand per capita
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Figure 5 shows energy use per capita for different 
parts of the world. The disparity between the indus-
trialized and developing nations is evident from this 
chart. 

2.3. Applications of Eco-design 
The application of eco-design in the electronics 
industry is described by Stevels [12]. General char-
acteristics of environmental approaches are divided 
into the defensive, cost-oriented and the proactive 
approaches. The characteristics include the drivers, 
objectives, core processes, control, etc. Examples 
pertinent to each of the three approaches are given. 
The author cites results for his company, Philips 
Consumer Electronics. The defensive approach 
creates awareness of the problem, environmental 
management becomes a priority, environmental 
information is collected, etc. The cost-oriented ap-
proach has the advantages of showing that saving 
energy, reducing packaging, by building upstream 
and downstream networks, etc can reduce costs. The 
proactive approach helps by integrating environment 
into business, thus setting vision and strategy, look-
ing for broad-based solutions, etc. 
Johnson and Wang [13] discuss the economics of 
disassembly of products for material recovery. The 
recovery process, disassembly sequence, choice of 
components recovered and design characteristics for 
ease of disassembly are dealt with in detail. Recent 
research contributions are summarized. The authors 
present economic models of disassembly which take 
into consideration the option of recovery, present 
disposal cost and the costs of disposal and disassem-
bly. The authors define ``disassemblability" as the 
ability to optimize the design and disassembly proc-
ess for removal of specific parts or materials in a 
manner which will simultaneously minimize costs 
and maximize the material value to be reclaimed. 

3. STRATEGIES FOR REDUCING 
COSTS WHILE REDUCING  
ENVIRONMENTAL BURDENS 

It appears to be a common belief in the society, and 
particularly in the industrial sector, that reducing 
pollution, making products and processes more 
environmentally friendly increases the costs. Studies 
have shown, as quoted by Porter and van der Linde 
[14], that this is not always the case. A company or 
industry which incorporates the environmental re-
quirements in its product innovation process stands 
to gain and become an industry leader. Some of the 
examples cited are given below. For example, in 
printed circuit board industry, 33 major process 
changes were initiated, of which 13 came from pol-
lution control personnel. Of the latter: 
• 12 changes resulted in cost reduction. 
• 8 changes resulted in quality improvements. 

• 5 changes resulted in extension of production 
capabilities. 

3.1. Waste Prevention 
A study of waste prevention in chemical plants, 
motivated by waste disposal costs and environ-
mental regulation, found that innovations resulted in 
increased resource productivity: 
• Of the 181 waste prevention activities, only one 

resulted in cost increase. 
• Of the 70 activities which led to changes in 

product yield, 68 were increases in the yield. 
Average increase was 7%. 

• Of the 48 initiatives for which capital cost in-
formation was available, one-quarter required 
no capital investment. 

• Of the 38 initiatives for which payback data was 
available, two-thirds had a payback period of 
six months or less. 

• For each dollar spent on source reduction, an 
annual savings of $3.49 was reported. 

Companies must look at pollution as a waste of 
resources. Within the company, packaging repre-
sents material waste and poor process controls. Of-
ten a company does not even know how many waste 
streams there are. Outside the company, packaging 
has to be discarded by people down the supply 
chain: wholesalers, distributors and customers. This 
represents wasted effort and energy, thus adding to 
the costs. Likewise, customers should not have to 
put up with polluting products. 

3.2. Role of Innovation 
A manufacturer has four inputs, or resources, to put 
into the enterprise. These are raw material, energy, 
labor and capital. In the past a company with access 
to cheap inputs had a marketplace advantage. With 
the globalization of the economy, no single com-
pany, or indeed a country, has a lock on cheap re-
sources. A company from a high-cost country can 
build a plant in a low-cost country. Rather, today, it 
is how a company uses its resources that make it 
competitive. Porter and van der Linde [14] call this 
‘‘resource productivity.’’ 
A competitive product is one that (a) can be pro-
duced cheaper than similar products, or, (b) one 
which provides more value, for which customers are 
willing to pay more. Competitiveness and environ-
mental friendliness are not mutually exclusive. 
Through innovation, by making better use of re-
sources, products can be made more competitive and 
environmentally friendly. 
As environmental awareness has grown worldwide, 
customers are more willing to pay higher prices for 
‘‘green’’ products. Companies which have inno-
vated to be the first-in-the-marketplace with new or 
improved products, enjoy advantages by being the 
leaders. By early introduction a product has a mar-
ketplace advantage by gaining early customers who 
lock on to it, develop loyalty and are less likely to 



EDIProD’ 2002 62 

switch [1]. Germany adopted stricter environmental 
standards, including laws on take-back and recy-
cling, earlier than other countries. Thus German 
companies developed expertise in introducing prod-
ucts which require less packaging, are of lower cost 
and cause less environmental burden. 
If environmental regulations are seen as promoting 
end-of-the-pipe solutions and add-on pollution con-
trol systems, the products and processes will get 
more expensive and less competitive. Such has been 
the case in the US where regulations in the past have 
promoted the use of ‘‘Best Available Technology 
(BAT)’’ to reduce pollution. If, on the other hand, 
regulations permit innovation and flexibility in find-
ing solutions, then the companies can improve on 
the products and processes to meet the emission and 
other requirements. As an example, Scandinavian 
pulp and paper industry developed chlorine-free 
bleaching process, at the same time carrying out 
other process improvements. They made significant 
inroads into the international market and, for some 
time, were able to charge higher prices for chlorine-
free paper. 
Just as Deming, Juran, Taguchi and others proved 20 
or more years ago that costs can be lowered while 
improving quality [2], today’s companies must think 
of innovation as a means to reduce environmental 
burdens, as an additional outcome. In the ‘old’ days, 
higher quality was achieved by employing more 
expensive processes and equipment and by rejecting 
output which fell below acceptable standards. Thus, 
if the product and processes were assumed to be 
‘fixed,’ higher quality meant more rejects, hence 
higher costs. Today we recognize that quality can be 
designed into a product and that processes can be 
optimized for higher quality and lower cost. 
The inputs (raw material, energy, labor and capital) 
must be used more efficiently. The processes should 
eliminate unneeded activities and avoid generating 
waste products. Use of hazardous materials must be 
eliminated. While these points seem obvious, com-
panies often do not take advantage of available 
knowledge. An example is the Green Lights pro-
gram sponsored by the EPA, which promotes energy 
savings by improved lighting, with a 2-year payback 
period. Many companies have not taken advantage 
of it, because (a) they are not aware of it and, (b) 
there is resistance to change. 

4. A NEW WAY OF LOOKING AT 
ENVIRONMENTAL REQUIRE-
MENTS 

Porter and van der Linde [14] make the point about 
the new way of looking at environmental aspects in 
design: ‘‘Environmental inputs must be embedded in 
the overall process of improving productivity and 
competitiveness. The resource productivity model, 
rather than the pollution control model, must govern 
decision making.’’ 

Innovative ways of utilizing the previously wasted 
by-products yield generous dividends: 
• A nylon manufacturer in France invested in 

recovering a by-product called diacid, which 
was earlier incinerated. The investment of $12.5 
million produced an annual revenue of $3.5 mil-
lion. 

• Dow Chemical plant in California using hydro-
chloric gas and caustic soda was required to 
close evaporation ponds containing waste water. 
By redesigning its process the company reduced 
both the hydrochloric acid waste and the caustic 
waste. The company was also able to utilize 
some of the waste stream as input for other parts 
of the plant. A cost of $0.25M provided annual 
savings of $2.4M. 

• 3M produces adhesives in batches. Each batch 
is then added to a storage tank. A bad batch 
would spoil the whole contents of the tank, with 
resulting loss of product and time and increased 
hazardous waste. The company developed new 
techniques for determining the batch quality 
faster. The reduction in hazardous waste dis-
posal alone saved it $200,000 annually. 

• During the initial start-up of a chemical produc-
tion, or after an interruption, scrap material is 
produced. DuPont improved the monitoring 
equipment, reducing interruptions, waste gen-
eration and increasing the plant uptime. 

• Regulatory pressures led Ciba-Geigy in its dye 
producing plant to make changes which not 
only reduced pollution, but also increased proc-
ess yields by 40% and annual cost savings of 
$0.74M. 

That laws and regulations can lead to lower product 
costs and higher productivity has been proven by a 
number of cases: 
• Upon being required to make easier to recycle 

products, Hitachi redesigned products for easier 
disassembly, at the same time reducing the parts 
count (by 16% in a washing machine and by 
30% in a vacuum cleaner). The lower parts 
count also led to lower assembly time and over-
all, lower costs. 

• A 1991 regulation required drastic reduction in 
benzene emissions during coal tar distillation. It 
was generally opposed by the industry, since it 
required costly containment. Aristech Chemical 
Corporation chose to find solutions to the prob-
lem instead. The company found that removing 
benzene at an earlier processing step did away 
with the need for containment. Instead of a cost 
increase, the company saved $3.3M. 

Other industries cited by Porter and van der Linde 
[14], which have used innovation to achieve envi-
ronmental benefits while at the same time offsetting 
any associated costs include: 
• Paper and pulp industry was required to stop 

chlorine bleaching, since it released dioxins. It 
introduced better cleansing processes and sub-



 

stituted O2, O3 or H2O2 for bleaching and 
changed to closed-loop processes. By making 
better use of energy from by-products, it low-
ered operating costs by 25%. The companies 
could charge premium prices for chlorine-free 
paper. 

• Paint and coatings industry had to remove vola-
tile organic compounds (VOC) in solvents used. 
It applied innovations such as low-solvent 
paints and water-based paints, with better appli-
cation techniques and use of heat and radiation-
cured coatings. The industry was able to charge 
premium prices for solvent-free paints, offer 
improved coating quality, have safer working 
conditions. Materials savings reduced costs. 

• Electronics industry also needed to remove 
volatile organic compounds in cleaning agents. 
The industry innovated by introducing closed-
loop processes, no-clean soldering and non-
VOC cleaning agents. Companies achieved im-
proved product quality, reduction in processing 
cost when cleaning could be eliminated. Pay-
back periods of one year were often achieved. 

• Refrigerator manufacturers were required to 
remove CFCs used as refrigerants and reduce 
energy usage in operation. A propane-butane 
mix was substituted for the CFCs. Better insula-
tion, gaskets and improved compressors were 
introduced. The companies showed higher en-
ergy efficiency and were able to charge pre-
mium prices for ‘‘greener’’ refrigerators. It has 
been documented that the German branch of the 
Greenpeace organization was instrumental in 
promoting this change in the refrigerant. 

• Dry-cell manufacturers were faced with having 
to remove toxic metals such as cadmium, co-
balt, lead, lithium, mercury, nickel and zinc in 
order to reduce toxic wastes going to landfills 
and into the atmosphere if the cells were incin-
erated. They innovated by developing nickel-
hydride and lithium rechargeable cells. The new 
products show higher efficiencies and higher 
energy capacities at competitive costs. 

5. END-OF-LIFE STRATEGIES 

Stevels and Boks [15] look at the problem of dealing 
with the product at the disposal stage. The discus-
sion is divided into three main parts: (1) Develop-
ment of end-of-life systems, (2) plan for end-of-life 
analysis at the product level, and (3) optimization of 
the product according to the end-of-life system. The 
authors propose that the development of such a sys-
tem involves different end-of-life options, a stepwise 
plan, followed by a series of actions to complete the 
process.  After choosing a certain end-of-life system 
the second part describes the development of the 
system in detail. A key figure shows a flow chart for 
determining likely end-of-life destinations of prod-
uct components. In the order of preference, these 

are: Reuse, high-quality recycling, low-quality recy-
cling, incineration, land fill and chemical waste. 
Disassembly allows for reuse of part, failing which, 
mechanical processing can lead to recycling. The 
rest leads to incineration, landfill, or chemical waste. 
Under product optimization, the authors provide 
guidelines for recycling metals, plastics, glass and 
ceramics, toxic materials and for disposal of waste. 
Finally, quantitative evaluations of end-of-life sys-
tems are shown in the form of LCA, LC costs, and 
end-of-life costs. Among the data tables included are 
those showing charges for waste in a treatment plant, 
grams of material that must be separated to achieve 
cost-neutral disassembly, compatibilty matrices for 
diffrerent materials, and environmental impact of 
recycled materials, versus virgin materials. 
Stevels [16] states that in the early years companies 
took defensive attitudes, e.g., their activities were 
aimed at "compliance with legislation and toward 
preventing bad image in the press." However, they 
also realized cost reductions by measures such as 
reducing the amount of packaging, using recycled 
material, reducing energy and material use and re-
ducing the disassembly times. In order for DFE to be 
most effective, it needs to be integrated into the 
complete business cycle. It is based on the premise 
of sustainable development. The company needs to 
have an environmental vision, leading to an envi-
ronmental policy, which is embodied in the com-
pany's strategies, and finally the company's envi-
ronmental roadmap. The management of the product 
creation process under DFE constraints is described 
in detail. It is suggested that the embedding of eco-
design in business take place in three steps, viz., 
green idea generation, green product creation and 
the exploitation of the results in the marketplace. A 
company interested in green marketing should de-
termine the attitudes of its present and potential 
customers toward green products. 

6. CONCLUSION 

Product development must look at the whole life 
cycle of the product. Energy and material use and 
environmental burden at each life phase of the prod-
uct must be considered.  The following is a partial 
list of points to be kept in mind 
• From the viewpoint of toxic and hazardous 

substances: 
• Do not use hazardous substances in the product. 
• The product should not cause hazardous dis-

charges of any kind during use, or after dis-
posal. 

• The manufacture of the product should not 
cause hazardous discharges. 

• The materials used in the product should not 
have caused hazardous discharges during their 
extraction or preparation for manufacture. 

• From the viewpoint of source reduction: 
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• Measure and account for all the wastes and 
emissions in the (1) manufacturing process, the 
(2) distribution, and (3) in product use. 

• Redesign the processes and product to eliminate 
the wastes and emissions. 

• Find ways to utilize the wastes. 
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