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Abstract. Designing environmentally friendly products has become a tighter requirement in the
marketplace because of both the increasing trend in awareness of consumers and the obligations
from legislation requirements. Unfortunately, this is not a straight forward decision for designers
to evaluate whether their design options are satisfactory in terms of balancing various factors (for
examples, different forms of environmental assessment) or not. This is partly attributed to the fact
that there is no universally accepted approach for conducting such analysis. In this connection, this
research makes reference to a European Union (EU) directive as a reference model and makes use of
Analytic Hierarchical Process (AHP), which is a useful tool to help designers to make decision, for
evaluating eco-design options. The AHP model is developed based on two case studies on consumer
electronic products. Pairwise comparisons, one of the key steps in AHP, are conducted with the
expertise gained from the case studies and the help from the software package Expert Choice. The
paper also reveals how design options can be evaluated, or be screened out. The proposed method
does not require the designers to conduct detailed analysis (life-cycle assessment for example) for
every new product options and hence can save their time. This is particularly important when they
are facing shorter and shorter product life cycle nowadays.
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Introduction

Design and manufacturing of environmental conscious products are of vital importance
to the society as they affect the depletion of virgin materials, and consumption of natural
resources (Gungor, Gupta 1999). Environmental problems such as resource depletion and
air, water and land pollution have emerged as a result of intensified interventions into the
environment. There is also an increasing scientific awareness of the cumulative and syner-
gistic effects of some of the environmental impacts over space and time. For instance, some
activities at the manufacturing stage may not have an immediate effect to the environment
but may have a negative effect on environment during its usage or disposal when it reaches
its end of life. In the interest of sustainable development, continuous improvement in the
overall environmental performance of those products should be encouraged by identifying
the major sources of negative environmental impacts and implementing environmentally
conscious practices to minimise the impact and avoid transfer of pollution. Among these,
eco-design, also known as design for environment, has been becoming an important element
in new product development.

Any decisions made at the design stage could have a profound environmental impact
throughout its entire product life cycle. This is reflected in the recently adopted directive by
the European Council (2005) on so-called energy using products. This is later recast as the
energy-related products directive (ErPs) (European Council 2009). This Directive provides
for the setting of requirements which the ErPs covered by implementing measures must fulfil
in order for them to be placed on the market and/or put into service in European Union.
It contributes to sustainable development by increasing energy efficiency and the level of
protection of the environment, while at the same time increasing the security of the energy
supply. According to the ErP directive, preventive actions should be taken as early as possible
during the design phase of ErPs, since it appears that the pollution caused during a product’s
life cycle is determined at this stage, and most of the costs involved are committed then.
However, before any improvement or preventive actions are taken, environmental issues
must be assessed in a holistic way, alongside technical, financial, and other criteria. Among
the environmental management tools that enable to quantify the environmental burdens and
assess their potential impacts, Life Cycle Assessment (LCA) (ISO 14040: 1997) is the one
gaining wider acceptance in many industrial sectors.

LCA is a comprehensive technique that can be used to analyse the environmental impact of
a product design. This can be reflected by numerous studies in this area (Bhander et al. 2003;
Hur et al. 2005; Finnveden et al. 2009; Huntzinger, Eatmon 2009; Sobotka, Rolak 2009; Yung
et al. 2011, 2012). Facing shorter product life cycle (Chiang et al. 2011), firms, however, do
not normally have the leisure time to conduct LCA for each new product alternatives. Despite
this restriction, developing a green design should take the whole life cycle of the product
into consideration (Lin et al. 2009). Therefore, a simplified, easy to use approach is desired
for quick assessment and initial screening of new product development from environmental
conscious perspective, particularly from the ErP directive point of view.

This paper addresses these issues by proposing an AHP enabled novel approach to perform
structured analysis of LCA. It provides a practical solution without going through the tedi-
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ous process required for conventional LCA, which can be easily adopted by businesses. One
objective of LCA is to help identify options for improving the environmental performance,
which is particularly important to designers and engineers, as it can inform them of how to
modify a product to decrease its environmental impacts. The proposed approach will help
businesses to identify key critical factors that contribute to the environmental performance
throughout the product life cycle. The analysis results could be used to support the decision
making process when designers or engineers consider improving the design or screening
out design options in order to reduce the negative environmental impact while maintaining
operational and economic efficiency.

The rest of this paper is organised as follows. The next section presents a summary of the
literature in the relevant studies. For a more comprehensive review of eco-design, readers
are referred to Ilgin and Gupta (2010) who summarised over 500 studies and eco-design is
classified as one of the four major categories. Section 2 then presents the general hierarchical
framework based on reported cases. Section 3 reveals how the proposed method can help
designers screen out options with numerical examples. The final section concludes this paper.

1. Literature review

LCA isa quantitative environmental performance tool which provides a systematic approach to
facilitate the analysis of environmental impacts. It is an effective, comprehensive and practical
tool in assessing environmental impact of products by taking the life cycle characteristics of the
products into consideration (Junnila 2008). LCA keeps track of the life cycle of a product from
extraction of raw materials to final disposal, including manufacturing, transportation, install-
ation, usage, and recycling. Standard LCA consists of the following components (ISO 1997):
goal and scope definition, inventory analysis, impact assessment, and interpretation. A typical
procedure to carry out LCA is to calculate the life cycle inventory and then interpret the results.
Various indicators have been developed to help simplify the analysis (normally referred to as
impact assessment) but this is also the introduction of these indicators create certain degree
of inconsistency in the studies as different weightings have been applied in order to come up
with final figures (like the eco-indicator). The influence of these indicators on the final results
has been reported in some studies (Renou et al. 2008; Simdes et al. 2011).

Since there are different pathways by which the environment can be affected, LCA
considers multi-objective decision-marking in the analysis of tradeoffs between different
environmental impacts (Tan 2005). The analysis will usually involve multiple objectives or
criteria. Analytical Hierarchy Process (AHP) is a useful approach for evaluating complex
multiple criteria alternatives (Chan et al. 2006; Chan, E T. S., Chan, H. K. 2010; Wu et al.
2012). Since AHP was proposed by Saaty in the 1970s (Saaty 1990), it has been employed to
solve Multi-Criterion Decision-Making (MCDM) problems. AHP analyses a MCDM problem
by setting up a hierarchy of criteria and sub-criteria, which could be either quantitative or
qualitative in nature. This can be done by introducing pairwise comparison between those
criteria, which are assessed by professionals or experts in the corresponding area. Applications
of AHP have been reported in many MCDM studies. Eco-design and its related topics are
prevalent themes amongst studies that use AHP. For example, AHP approaches have been
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utilised to investigate issues such as assessing the environmental impacts of different stages
of a supply chain life cycle (Sarkis 2003), evaluating the eco-efficiency of a product, supplier
development based on environmental criteria (Lu et al. 2007), evaluating of a product’s impact
and influence on the environment for early product planning and development (Yang et al.
2010), and risk analysis of implementing different green initiatives (Wang et al. 2012).

One of the earlier studies to consider life cycle concept utilising a hierarchical approach
was proposed by Sarkis (2003) for selecting strategic options for green supply chain man-
agement. The focus of the study, however, is put on high level green supply chain strategy
rather than product design. This is also the major difference between Sarkis’ study (2003)
and this study. However, Sarkis (2003) illustrate the significance of employing hierarchical
structure for making decision with respect to the environmental performance. Chang and
Chen (2004) integrated AHP with TRIZ technique (the “theory of inventive problem solving”
which is derived from its Russian origin (Fresner et al. 2010)) to evaluate the eco-efficiency ofa
product. Their hierarchical structure consists of seven eco-design principles (namely, material
reduction, energy reduction, toxicity reduction, material retrieval, resource sustainability,
product durability and product service). Although the target of their study aims at product
design and the tool provided is useful, the proposed approach is applicable only at product
level and overlooks other life cycle factors (like distribution, usage, etc.). Another relevant
study was conducted by Kobayashi (2005) who developed a Quality Function Deployment
based approach to evaluate the strategic planning for life cycle. Similar to this study, their
model makes reference to LCA which is conducted beforehand. More recently, Chiang et al.
(2011) developed another hierarchical model for analysing the importance of different factors
for greening the electronics industries by adopting lead-free manufacturing. Notwithstanding
this, and like previous studies, Chiang et al. (2011) demonstrate how the hierarchical model
is applicable in assessing alternatives from the environmental performance perspective.

In the practice of eco-design, LCA provides the basic modelling framework for evaluat-
ing the environmental load and impact from its origin (i.e. raw materials) to its end-of-life.
However, the conventional LCA is resource intensive and time consuming. With the high
speed of technology innovation and shorter product life cycle, it is important to provide de-
signers/engineers with a more efficient approach to assess the environmental performance of
product designs. AHP has demonstrated its superiority to solve complex decision problems
in wide variety of areas due to its simplicity, ease of use, and great flexibility. There is a great
potential to apply LCA and AHP at product design level and enable designers to come up
an environmental sound design solution within short timeframe.

Focusing on the consumer electronic product design, this paper addresses the gap in
the literature by proposing a novel approach based on application of LCA and AHP. It aims
to provide a practical tool that can be used to assess the environmental impact through the
productlife cycle and help designers evaluate or screen out design options in order or achieve
sustainable new product development. Details of the model are discussed in the next section,
in which the AHP model is developed based on two case studies on consumer electronic
products. The model application to improve the product design is illustrated in Section 4
along with the discussion of its managerial implications. The conclusion and future directions
are presented in the final section of the paper.
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2. The AHP model

As discussed earlier in this paper, the objective of this research is to develop an AHP model
based on the LCA concept. More specifically, the ErP directive is employed as this is the
main source of reference model in the field. A generic illustration is depicted in Figure 1.
According to the ErP directive, a product life cycle is divided into 6 main phases, namely
material (selection) phase, manufacturing phase, packaging, transportation and distribu-
tion phase, installation and maintenance phase, use phase, and end-of-life phase (European
Council 2005). Since the focus of this study is on consumer electronic products, and thus the
installation and maintenance phase is omitted in Figure 1. However, the same philosophy
can be applied equally well to other products including this phase. The model is then divided
into sub-criteria under each phase (i.e. the main criteria of the AHP model), and then each
criterion and sub-criterion will affect the environmental assessment attributes that are mon-
itored subject to the requirements of the ErP directive.

Material LC,, LC 5, LCy3,
(selection) .
Phase (LC,) [

Manufacturing LC,;, LCy, LC o3, EA,. Cor.lsumption
Phase of material, energy
1Cy) Ly and other resources
EA,. Emission to
air, water or soil
Packaging, LCj;, LCy,, LCss, EA;. Anticipated
ch’ ) Transportation e ollution
design & > > P
selection Distribution EA,. Generation of
Phase (LC5) waste material
Use Phase LCy;, LCyp, LC s, EAs. Possibility of
(LCy) e re-use, recycling,
> and recovery of
materials and/or of
energy
End-of-life LCs1, LCs5, LCs3,
Phase (LC;)
_’
Life-cycle Criteria of Environmental
Phases each Phase Assessments
(LCy (LCy) (EAy)

where: i is the index of life-cycle phase (i = 1 to 5 in this case);
j is the index of the criteria of each phase;
k is the index of the five environmental assessment attributes.

Fig. 1. Hierarchical structure for eco-design selection
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Development of the AHP model (the criteria and sub-criteria) of the case, however, is based
on the case study of two electronic products described in Yung et al. (2011, 2012). Although
the above two papers discuss two different types of product, they share a similarity: they are
both consumer electronic products. In fact, the LCA results also reveal this feature. Before
conducting a LCA, information has to be collected. That include bill of materials and inform-
ation on the corresponding materials; the way the product is being manufactured, including
what kind of machines are used; delivery methods; information on usage like electricity con-
sumption and so on. If a part or module is purchased from the supplier, information from
the supplier or a visit is needed in order to collect the material phase information. Therefore,
conducting a full LCA is time consuming. This is not the intention of this paper to discuss the
LCA results again and hence readers are referred to the above papers for detailed discussions
in that regard. On the other hand, based on the experience of conducting the LCA by one of
the authors of this paper, a generic AHP model is thus developed based on the LCA results
for this type of product. This is illustrated in Figure 2.

In this model, most of the elements are grouped into categories as it is very rare that one
single component would be dominating in a design, despite some distinctive items like prin-
ted circuit board (PCB) or user manual have been identified in the model. In other words,
once we have a LCA as a reference, pairwise comparisons of criteria and sub-criteria to be
discussed below can be assessed quite easily.

Life Cycle Phases Criteria Environmental
Assessment
LC, ,. Plastic: general (ABS, PE, etc.) Attributes

LC,,. Plastic: special
(rubber, high impact, etc.)

LC1. Material
Jateria — LC,,. Metal EA . Consumption of
(selection) . e
LC,,. Electronic component material, energy and
(resistors, capacitors, LCD, etc.) other resources
LC,.. Printed Circuit Board (PCB)
EA . Emission to air,
LC,,. Surface mount watzer (I)rrnss(s)ﬁ)n o8l
LC,,. Die bonding
LC2. 2
Mo . — LC,. General assembly
anufacturing LC,,. Metal processing (stamping, etc.) EA,. Anticipated
LC,.. Plastic processing (injection, etc.) pollution
LC3. Packaging, LC,, Packaging: product level EA . Generation
Transportation — LC,,. Packaging: carton level of\:/aste material
& Distribution LC,,. Manual
LC,,. Operating EA,. Possibility .
LC4. Usage — LC,.. Standby of re-use, recycling,
and recovery of
materials and/or
LC,,. Extend of recyclability of energy
LC5. End-of-life  |— LC,,. Extend of reuse

LC,,. Extend of recovery

Fig. 2. The hierarchical structure for LCA-based green design selection in the case study
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In the model, material (selection) phase (i.e. the first main criterion) is dominated by
five major elements: general plastics, special plastics, metal, electronic components and PCB.
The first group (i.e. the first sub-criterion under this main criterion) and second group are
considered separately because the extraction and production of the two types of plastics are
quite different from each other and they affect the environmental assessments quite differently.
The third sub-criterion groups all metal parts whereas the fourth sub-criterion considers
the aggregate effect of the electronic components, which are predominately semiconductor.
A similar scheme is applied to other criteria and the grouping of the respective sub-criteria,
which are illustrated in Figure 2. After constructing Figure 2, the next procedure is to de-
termine the relative importance of the criteria based on a posteriori assessment (like the LCA
experience in the case studies).

The model is analysed using the software package Expert Choice, which is a commercially
available package for modelling AHP (Expert Choice 1995). Pairwise comparisons, one of
the key steps in AHP, are conducted with the expertise gained from the aforementioned case
studies. All the inconsistency ratios have been recorded and checked to ensure that they are
all below the widely recommended threshold value of 0.1 (Saaty 1987). Then, weightings
for individual criterion and environmental assessment attributes are thus calculated and are
listed in Table 1.

Table 1. Weighting of the AHP model (obtained from the Expert Choice software)

LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 1 LEVEL 2 LEVEL 3
LC, =0.512 LC, =0028 EA <0001 LC,=0.039 LC,=0004 EA =0.001
EA, = 0.004 EA, < 0.001

EA, =0.011 EA, <0.001

EA, = 0.002 EA, < 0.001

EA_=0.010 EA, =0.002

LC,=0.150 EA =0.004 LC,=0010  EA, =0.004

EA, = 0.025 EA, = 0.002

EA, = 0.075 EA, <0.001

EA, =0.013 EA, < 0.001

EA_ =0.033 EA, = 0.004

LC,=0059 EA =0.015 LC,=0.025 EA =0.013

EA, = 0.008 EA, = 0.004

EA, = 0.004 EA, = 0.006

EA, = 0.002 EA, = 0.002

EA_ =0.030 EA, < 0.001

LC,=0018 EA =0001 LC,=0.127 LC,=0111 EA =0.070

EA, = 0.005 EA, =0.015

EA, = 0.003 EA, = 0.015

EA, = 0.008 EA, = 0.006

EA_ < 0.001 EA, =0.004
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Continued Table 1
LEVEL 1 LEVEL 2 LEVEL 3 LEVEL1 LEVEL 2 LEVEL 3
LC,=0257 EA =0.014 LC,=0016 EA =0.010
EA,=0.028 EA, =0.002
EA, = 0.055 EA, = 0.002
EA, =0.152 EA, < 0.001
EA, = 0.008 EA_ < 0.001
LC, = 0.293 LC, =0.013 EA =0.007 LC_=0.029 LC, =0003 EA =0.001
EA, =0.001 EA, <0.001
EA,=0.001 EA, <0.001
EA, = 0.004 EA, < 0.001
EA, < 0.001 EA_=0.001
LC,=0.009 EA =0.005 LC,=0018  EA =0.008
EA, <0.001 EA, =0.002
EA, < 0.001 EA, = 0.002
EA, = 0.002 EA, < 0.001
EA, < 0.001 EA_ = 0.007
LC,=0036 EA =0.003 LC,=0.007  EA, =0.003
EA, =0.014 EA, < 0.001
EA,=0.014 EA, < 0.001
EA, = 0.004 EA, < 0.001
EA, =0.001 EA, = 0.003
LC, =0.067 EA =0.037
EA, = 0.005
EA, = 0.013
LC,=0.168 EA =0.083
EA,=0.014
EA,=0.014
EA, = 0.038
EA_=0.019

In addition to that, Figure 3 and Figure 4 summarise the overall weightings of different
life-cycle phases and environmental assessments respectively. These figures not only serve to
exemplify the results but act as a validation method to verify that the output of the proposed
model is in line with the results from the LCA results obtained by Yung et al. (2011, 2012)

in a broader sense.

Refer to Table 1 and Figure 3, it can be concluded that LC, (the material selection phase)
contributes most to the environmental assessments followed by LC, (the manufacturing
phase). To probe further, LC . (PCB) and LC,, (special types of plastic) are the two most
important criteria under LC . The former contributes more than 50% of that phase (LC)),
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Weightings
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Fig. 3. Overall weightings of different life-cycle phases
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0.3
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Environmental Assessments

Fig. 4. Overall weightings of different environmental assessments

whereas the second one contributes almost 30% of that phase. Another important life-cycle
phase is LC, (the manufacturing phase). Among the criteria under this phase, LC,, (plastic
processing) and LC,, (metal processing) ranked at the top which contributes over 50% and
20% of the environmental assessments respectively. Apart from the above, other phases
should not be overlooked, of course. It is very obvious that LC,; (manual), LC,, (operating),
and LC,, (extend of reuse) are the core factors of their respective life cycle phase (all over
50% with respect to their life-cycle phase).

These results are in fact all in line with the studies of Yung et al. (2011, 2012). In other
words, improvement options should be proposed pinpointing these phases and the corres-
ponding criteria. The most straightforward design options are then to reduce the size of PCB
and usage of special types of plastic should be reduced, which can also help to reduce the
impact created by plastic processing. In addition, size of user manual (for example, changing
from a multi-language manual to a single-language manual or a graphic, which is also a kind
of commonly known language, dominated manual), and usage of electricity in the operat-
ing mode should also be taken into consideration. The former in fact affects the packaging
design and hence also contribute to the environmental impacts generated in the packaging,
transportation & distribution phase as the larger the packaging, the bigger the volume of the
overall product size. For the latter, it is also a matter of environmental consciousness: whether
the software and hardware designers have taken this into consideration or not.
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The next question, however, is that, how to evaluate a new design (with different options
on different criteria) without going through the LCA. This is also the rationale of conducting
this research; otherwise, there is no need to construct the AHP and to determine the above
weightings. Next section will demonstrate that how designers can evaluate design options
based on the AHP model and the associated weightings (obtained from a LCA of a similar
product type).

3. Screening new options: scenarios analysis
and managerial implications

Since the outputs of the LCA (or environmental assessments to be precise) are dependent
on all the criteria, which means each individual criterion contributes to each environmental
assessment differently as illustrated in the complexity of the AHP model. In other words, if
one changes the design from environmental point of view, it is not easy to access the effects
of the combination of different possible options. Conducting LCA for each individual com-
bination is fine but time required is unaffordable (like Yung et al. (2011, 2012)). This is also
the reason why we propose to construct an AHP based on one LCA and then design options
can be screened out quickly. This is possible based on the fact that the overall EA, values
(k=1 to 5), the five environmental assessments as illustrated in Figure 1, in the AHP model
is in fact a sum of all EAk(LCU), which is the EA, value of each criterion LCij. For example,
EA (LC,,) = 0.015 as in Table 1. Mathematically, this can be expressed by Eq. (1):

EA) =D > EA(LCy). (1)
i

Therefore, EA = 0.0005 + 0.004 + 0.015 + ... + 0.003 = 0.2795, which is also shown
in Figure 4. In this connection, a small disturbance DLC, (i.e. design change) on LC, will
introduce deviation of the corresponding EA values. Basic calculus allows us to find an
approximate of the new EA; values that can be estimated as by Eq. (2):

OEA, (LC.
EA| = ZZ(EAk(LCij )+ALC; %) :
i ij

Since each EA value has a linear relationship to each LC, in this case (which is either
dependent on the weight or volume of the input parameter), new EA} values can thus be
estimated very easily. This can be shown by the following example.

Employing the case discussed in Section 2, LC, and LC, have been identified as im-
provement options because of their high contribution to the EA values. Assume that we can
radically change the PCB size by a reduction of 20% (New Design 1), or reduction in the usage
of special plastic by 20% (New Design 2), but not both due to technical limitation. However,
the designer can accept a compromise that both changes are limited to 10% (New Design 3).
The percentage improvement on each EA value is thus estimated and summarised in Table 2
using the equations above. For example, EA | for the New Design 1 under this simple example
would be equal to EA, + EA (LC ,) x DLC,_ = 0.2795 + 0.014 x (-0.2) = 0.2767, which gives
the percentage improvement value of EA  in Table 2. Similar calculations can be applied
to other new EA values and hence other percentage improvement values in Table 2, so the
numerical examples are skipped here.

(2)
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Table 2. Percentage improvement of the EA values on three new designs

New Design 1 New Design 2 New Design 3
EA, -1.00 -0.29 -0.64
EA, -4.27 -3.82 -4.05
EA, -5.25 -7.16 -6.21
EA, -12.21 -1.04 -6.63
EA, -1.23 -5.06 -3.14

Note:

- New Design 1: LC , reduced by 20%;

- New Design 2: LC,, reduced by 20%;

- New Design 3: LC,, and LC reduced by 10%;

- The more negative the values, the better the percentage improvement compared to the original design.

From Table 2, it can easily be seen that if we compare New Design 1 and New Design 2,
the former can further reduce (i.e. optimise) the EA, value but the latter performs better
in EA, in a relative sense. Unfortunately, they cannot be taken on board at the same time.
Nevertheless, the compromise, New Design 3 can achieve a relatively good result on various
EA values. Of course, each of which is not the best compared to New Design 1 and New
Design 2. This is further demonstrated in the radar diagram as shown in Figure 5, which can
be used as the eco-profile as outlined in the ErP directive. In other words, this can not only
be used for evaluating new design options, but be used to fulfil the legislative requirements.
This analysis cannot be documented without this tool, or conducting LCA for each design.
This is also one of the requirements in the ErP directive that the manufacturer needs to
consider in the design stage.

Above example is a simple illustration but it is good enough to demonstrate how a
combination of design options can be decided (or compromised). This is exactly the major
contribution of this research. If a designer wants to evaluate the environmental impacts of
all possible combinations using LCA, the time needed would be quite impractical. How-
ever, the proposed method only needs an initial LCA data from a similar product, and

EA5 < CEA2
=4 New Design 1
«+M -+ New Design 2

New Design 3

EA4 "EA3

Fig. 5. Comparison of different designs (in terms of percentage improvement)
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then setup an Excel spreadsheet to come up with the above estimation. Although above
example illustrates the concept using two factors LC , and LC , only (they are the most
problematic criteria under LC, which is the most critical life-cycle phase in the case),
above method is capable to be used to consider different combination generated from dif-
ferent criteria. In addition, the above model can also cater the situation that altering one
criterion (reduction in the total weight of plastic used, for example) may create opposite
effects from other factors (increase in the usage of metal to strengthen the support of the
body, for example). The focus of such analysis is thus put on the overall effect of the final
EA values. Interpretation of the eco-profile like Figure 5 also avoids the use of, for example,
eco-indicator as discussed earlier.

To further demonstrate the usefulness of the proposed approach by a complete new
design, the proposed design suggested by Yung et al. (2011) is employed to go through the
whole process. Various design options have been suggested in Yung et al. (2011) and the final
design is summarised in Table 3, with a rough estimation of the percentage change (i.e. im-
provement) of each item in the last column. This incorporates all the feasible design options
together. Using the method outline above, the estimated percentage improvement on each
environmental attribute is portrayed in Figure 6. As mentioned before, this eco-profile can be
documented as a source of evidence that various attributes can be improved by introducing
the new design options. More importantly, it gives a fast access to the whole picture of the
impact of the new design.

EAl
-6.00

7 7.00

EAS5 L BA2

EA4 "EA3

Fig. 6. Percentage improvement of the new design

The proposed model can not only help designer to prioritise alternatives, but to conduct
similar LCA easier for selecting new design options. Obviously, the proposed model is not
aimed to replace LCA or undermined the usefulness of LCA, as a full LCA should still be
conducted for the, say, final two options. The major objective of developing the model is to
provide a “shortcut” to designers to screen out less feasible solutions.
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Table 3. A summary of the redesign options based on Yung et al. (2011)

Life Cycle Rough
Phases Criteria Improvement (Yung et al. 2011) percentage of
improvement
LC,,. Reduce the thickness of part of the casing; 5%
Plastic: general Redesign the user interface so that less
(ABS, PE, etc.) switches are needed
LC,. Combine the housing 10%
Plastic: special (rubber, (with general plastics) with the lens
high impact, etc.) (with special plastic)
LC,. Material ~ LC ;. Metal Redesign the housing so that clips are 5%
(selection) used instead of screw
LC,,. Electronic Remove the radio-controlled clock 5%
component (resistors,  and size of LCD
capacitors, LCD, etc.)
LC,.. Reduce the size by integrating some small 10%
Printed Circuit Board PCBs into the main PCB;
(PCB) Remove the radio-controlled clock
LC,,. Surface mount Not specified Not specified
LC,,. Die bonding Not specified Not specified
LC,,. General assembly ~ Redesign the housing so that clips 5%
LC, are used instead of screw
Manufacturing LC,,. Metal processing ~ Not specified Not specified
(stamping, etc.)
LC,.. Plastic processing  Reduce the thickness of part of the casing; 10%
(injection, etc.) Less switches are needed
LC,, Packaging: Use paper instead of blister 10%
product level
LC,,. Packaging: Packing density is increased by making 10%
LC,. Packaging, carton level the packing more regular in shape
Transportation (a matter of re-configure the placement
& Distribution of different devices)
LC,,. Manual Redesign the manual so that single- 20%
language manual is used instead
of multi-language manual
LC,,. Operating Remove the radio-controlled clock 5%
LC,. Usage LC,,. Standby The device only triggered for wal.(e up 20%
by events, rather than regular as in the
existing solution
LC,,. Extend Not specified Not specified

LC,. End-of-life

of recyclability

LC,,. Extend of reuse

LC,,. Extend of recovery
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Conclusions

Eco-design is increasingly important for designers to consider during new product devel-
opment. Prioritizing design alternatives becomes more applicable in the case that a com-
prehensive environmental impact assessment may not be easy to conduct while the product
development is often tight. This research proposes an effective and systematic decision support
approach to help designers to evaluate and select new design options. It highlights key critical
factors that contribute to the environmental performance throughout the product life cycle
and help the designers to analyse design options in order to lessen negative environmental
impact while maintaining operational and economic efficiency. Compared to conventional
LCA, the AHP approach proposed in this paper provide a practical LCA solution, which is
simple, being less demanding with respect to the computational power and time needed to
make a decision. Designers do not need to go through full LCA for each design option in order
to come up with a speedier screening decision. In addition, most numerical calculations can
be computed using Microsoft Excel, despite the numerical analysis is conducted with the help
of commercially available software package Expert Choice. Therefore, the proposed approach
does not require proprietary LCA software for analysis and the time required to complete this
analysis is definitely affordable. In spite of the above, it is not the intention of the authors to
assert that the proposed method can replace LCA, which remains a scientifically robust tool
for analysing the environmental impacts of a design. However, the proposed approach can
definitely supplement full LCA for screening purpose practically.

Despite the various advantages of the proposed approach for practical LCA outlined in
the paper, there are some limitations which can lead to further research opportunities. For
instances, the AHP model is developed based on two case studies on consumer electronic
products. This research work can be easily extended to analyse other product families. In
addition, although AHP is a useful method for MCDM problems, it has difficulty to deal with
uncertain parameters which could present in the process because of the uncertainty nature of
the problem or lack of environmental data. In many cases, uncertainty problems cannot be
expressed simply by using crisp values (e.g. Chan et al. 2003; Wang et al. 2012). One research
direction is using fuzzy set theory to deal with uncertain parameters to support decision
making in order to overcome this shortcoming of AHP (Amiri 2010; Buyukozkan et al. 2011).

Furthermore, the numerical analysis shows the dynamic nature of problem when eval-
uating alternative design options. Yet, for the case of eco-design, the design decision will
broadly affect the environmental performance of not just one, but other assessment attributes
throughout its product life cycle. For example, “Material Selection” phase may have an impact
in other phases such as “Manufacturing” or “Usage”. The dynamic nature of a product life cycle
means that the decision model for evaluating eco-designs should reflect the interaction and
relationships among the life cycle phases and associated criteria. The dynamic characteristics
and complexity of this decision environment would require intensive and robust analysis in
the decision making process. To accomplish this goal, one possible future research direction
is to use the analytic network process (ANP) to incorporate critical factors and their inter-
dependences in the consideration (Saaty 2004).
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