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Nowadays, environmental problems have aroused public awareness about the trade-off between economic
growth and environmental conservation. In this regard, sustainable development plays a crucia role in
striking a bal ance between the demands of socia productivity and the reserves of natural resources. In the
ream of sustainable development, life cycle assessment (LCA) is an important tool to assist in ensuring
proper sustainability through assessing the environmental impacts of product designs. Unlike previous
reviews, which mainly focus on LCA methodology, this paper presents LCA related studies from the
perspective of product development applications. In this article, the approach on how LCA can be used in
product development is introduced step by step, from concept design, part design, and process design to
decision making. The applications of LCA come in different forms such as impact assessment, selection,
classification and decision support. The issues or challenges with respect to the four steps of LCA (i.e.
goal and scope definition, life cycle inventory, life cycle impact analysis, and interpretation) have been
examined and investigated. Corresponding models and theories for coping with these challenges are
reviewed. In particular, widespread and popular analytical tools are identified and highlighted.
Considering the vague measurement of environmental impact in an agile manufacturing system, it is
suggested that the development of LCA should keep pace with the advancing complex product
development system. Overal, this article sheds light on the trend of LCA applications in sustainable
product development and provides the prospect of promising research directions for LCA researchers and
practitioners.
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Abstract

Climate change has become more visible and theageaglobal anomaly of surface temperature change
is increasing. The environmental problems have sedpublic awareness about the trade-off between
economic growth and environmental conservationhis regard, sustainable development plays a drucia
role in striking a balance the demands of sociatlpctivity and the reserves of natural resouraeshé
realm of sustainable development, life cycle agseas (LCA) is an important tool to assist in ensgri
proper sustainability through assessing the enmmnial impacts of product designs. Unlike previous
reviews, which mainly focus on LCA methodology,stlpaper presents LCA related studies from the
perspective of product development applicationsreMban one hundred relevant research papers were
studied and analyzed. In this article, the appraacthow LCA can be used in product development is
introduced step by step, from concept design, gestgn, and process design to decision making. The
applications of LCA come in different forms such iagact assessment, selection, classification and
decision support. The issues or challenges witpeetsto the four steps of LCA (i.e. goal & scope
definition, life cycle inventory, life cycle impaetnalysis, and interpretation) have been examimed a
investigated. Corresponding models and theoriescéging with these challenges are reviewed. In
particular, widespread and popular analytical t@wks identified and highlighted. Considering thgua
measurement of environmental impact in an agile ufaturing system, it is suggested that the
development of LCA should keep pace with the adwveghcomplex product development system. Overall,
this article sheds light on the trend of LCA apalions in sustainable product development and gesvi
the prospect of promising research directions foAlresearchers and practitioners.
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1. Introduction

Over the last few decades, environmental issugs jpellution and global warming, resource depletion
etc.) have attracted much attention. Natural ressuof the earth are so finite that human beings ar
being urged to take proper action to ease thetgitudn response, life cycle assessment (LCA) tiech
that was developed to measure such environmenpalats.

LCA was first proposed in Europe and the USA inldie 1960s and early 1970s, mainly concerning the
environmental effects of beverage containers (Humtt Franklin, 1996). Subsequently, major practical
applications were contributed by the chemical imdes aiming at toxicant examination and pollution
abatement. Later, significant efforts to broadea #pplication of LCA came from the Society of
Environmental Toxicology and Chemistry (SETAC) i89D to promote LCA over the world and to
extend LCA definition (Fava et al., 1991). Nowaddy8A has evolved to be an effective and prevailing
guantitative tool to measure environmental impd&isvall, 2002; Russel et al., 2005). According to
International Standards Organization (ISO) (1ISO4D}@4044) (ISO 2006; Hauschild and Wenzel, 2001),



LCA consists of four phases: goal and scope dafmitlife cycle inventory (LCI), life cycle impact
assessment (LCIA), and interpretation (Hauschild032 ISO, 2006). It covers the whole product
(goods/services) life, and has been applied iredfit industries such as manufacturing, constnuctiad
even education (Boks and Diehl, 2006; Westkampeal.et2000; Zheng et al., 2009). Moreover, the
research directions of LCA studies have been es@nidom simply the environmental aspect to
comprehensive study integrating social and econaroitcerns (Norris, 2001; O’Brian et al., 1996;
Rebitzer and Hunkeler, 2003; Schmidt, 2003).

Sustainable product development (SPD) is a coreifar the manufacturing industry, and has been a
target of designers to make products more sustair{&toepffer, 2003). As LCA is such a useful tool,
more and more effort has been devoted to helprbeupt development process achieve the goal of SPD
(Veshagh and Obagun, 2007). Based on study ofja lasmber of relevant research works, we found that
there are still some limitations in previous work:

* Previous review work paid more attention to LCA dhes and methodologies rather than
applications.

* Product design and development (PDD), which isalgtwne of the major platforms for LCA,
receives relatively little consideration in LCA easch.

* There is a lack of resources and guidance for remssuto adopt LCA simply and quickly.

In order to tackle the above problems, this articteposes three objectives as follows:

» Present the state of the art of LCA research congmsvely, from the applications perspective.

* Formulate the problems in applying LCA in SPD (8et#) and provide a simplified collection
of commonly used LCA tools as references for negraigSection 5).

» Highlight the SPD process (Section 6). Firstly, L@gplications in SPD are analyzed. Secondly,
an explanation of some practical examples, whichsaio develop more sustainable products
through LCA measures, is given.

Therefore, the purposes of this article are toujilthe gaps and present an overview of LCA prestic
The remaining sections are organized as followsti@e 2 briefly describes the research methodology
used in this paper. The framework of this artisldlustrated in Section 3. Problems in LCA apgiizas

and solutions to these problems are respectivegemted in Section 4 and Section 5. Section 6
introduces LCA practices in SPD. Discussion in Becl reveals the limitations and proposes some
suggestions on future research directions. Finaetipclusions are drawn in Section 8.

2. Research Methodology

A large number of research papers on LCA have Ipedatished in multiple journals and conference
proceedings. In this study, research papers retat¢ite model, concept and techniques of LCA in SPD
were studied. These academic papers were extriiotadhe following online databases:

* Academic Search Premier
e Emerald full-text

* |EEE Xplore

» Science Direct



» Springer link

A text mining approach was used to search for egleliterature. The screening procedures are pregen
as follows:

1) Text gathering and pre-processing — Based on tleidents and data extracted from above e-
databases, noisy data (e.g. figure, table, formwiere cleaned up, and unstructured texts such as
figures and charts were not considered. Througlupersised learning, all these papers were
clustered into two main categories: A=articlesterldo LCA and PDD, B=others.

2) Attribute identification — The attributes of a doeent are the important words/strings which can
characterize the document in the following procedim our case, basically the attribute words are
the keywords of that document. Based on the frequand significance of the attribute words, three
sets of keywords were chosen as centroids for durthining: {problem, data quality, variability,
uncertainty...}, {solution, data mining, analyticalethod, mathematical method, simulation...}, and
{practice, application...}.

3) Data mining — At this stage, the classic data ngrapproach was adopted. Through the computation
of the semantic similarities between the centradsl attribute words of each document, these
documents were clustered into three groups. The found began with “problem, data quality,
variability, uncertainty”. The articles related pooblems of LCA were extracted. Attributes such as
‘Data quality’, ‘Uncertainty’, ‘Variability’, and Evaluation’ were used to identify problems of LCA
in SPD. For this list of articles, solutions werten given simultaneously. Then “solution, data
mining, analytical method, mathematical method,usation” was used to do the next clustering. The
papers related to the solutions of LCA problemsewswrted out. Finally, the following keywords
were selected to describe LCA application practiceSPD: ‘Product design’, ‘Concept design’,
‘Process design’, ‘Product selection’, ‘Productssification’, and ‘Decision making'.

If it is necessary to broaden the review coveragkimprove comprehension, more papers can be added
to our database. In total, about one hundred pdyaees been analyzed in this article.
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Fig. 1 Information extraction process

3. Proposed Research Framework of LCA in Produgel@@ment

Relevant research papers usually cover four letkénries, research outcomes, research methods and
practices. Papers presenting LCA concepts, theorigdilosophies help to define our topic cleanhyla



identify explicit research intentions. Researchcontes can reflect LCA effects and the challengegewh
applying LCA. Research methods provide diverse eptual/analytical models and solutions to improve
LCA in product development. The work concerningcpices is regarded as material to outline the LCA
application status in product development. Thersfdhis paper presents LCA practices in product
development by studying particular problems andctireesponding solutions (Fig. 2).

With respect to the operations of LCA, problems ameposed around the definition, inventory, impact
and interpretation. Considering each phase, vatds of obstacles are examined. Vague definitions
uncertain data, fuzzy environmental impact and doeate interpretation are identified as the most
significant problems and deserve deeper learning.

Accordingly, solutions are emerging to cope witesi problems. Qualitative methods are employed to
define the goal and scope, numerical and analytivethods are used to tackle inventory data, data
mining techniques and sustainability tools areia¢td to handle environmental impact issues, and
decision support tools are applied to facilitateisien making. Detailed elaboration is given int8st5.

For LCA practices, we focus on the main activite#sproduct development (i.e. concept design, part
design, process design and then decisions) tomgrasey LCA is integrated to help new product/sesvic
development. Depending on the particular charastiesi of different product development processes,
LCA has different practical application cases.

Practices
(section 6)

Solutions
(section 5)
1) Qualitative methods to
assist goal and scope
B a.l't definition
design i1) Numerical and analytical
methods to tackle inventory
data
1i1) Data mining techniques
and sustainability tools to
handle environmental
impact issues
iv) Decision support tools to
facilitate decision making

Problems
(section 4)

1) Vague definition .
o Concept
i1) Uncertain design
inventory data

ii1) Fuzzy o
environmental Decisions
impact and trade-off

Process
design

iv) Inaccurate data
interpretation

Fig. 2 The overall structure of the proposed redefitamework of LCA in product development



4. Problems of applying LCA in Product Development

Problems need to be identified so as to find sldtablutions for coping. The main challenges faogd
practitioners include vague definitions, unceriawventory data, fuzzy environmental impacts anddra
offs, and inaccurate interpretations.

4.1 Vague definition of goal and scope

Goal and scope definition is the first step of LOAthis step, the ‘system boundaries’, includingatvis
being studied, the quantity of materials, energyingpacts being studied, and allocation methods to
partition the impacts caused by the same procedshan ‘functional unit’, which is a measure of the
performance of the functional outputs of the stddigstem, should be defined precisely (Reap et al.,
2008). However, the early stage of product develmnis the fuzzy front end, and there is not enough
specified information to support the goal and scdgknitions. Actually a whole LCA scope can beyer
complex and contains a wide range of informatiooualbmaterials, energy and properties. Therefore,
users often prefer partial/local LCA.

On the one hand, the concepts of ‘functionalityd aproduct’ are different (Field et al., 2001).
Functionality relates to specific inputs and outpuahe time range and the impact categories. Teesom
extent, the functional unit is to demarcate thenelets and information of a product concept intaitlet
Huijbregts (1998) holds the view that choices afidionalities have influences on the final analysis
However, users often assume the system under g&utg product and do not distinguish ‘product’ and
‘functionality’ clearly. If only a clear definitioris obtained and the boundary is set unambiguotisty,
later procedures could be properly interpreted.r@foee, the initial scenario should be set propéoly
give unambiguous system boundaries (Field et @012 On the other hand, assumptions also need to b
defined properly. For instance, the products tedmpared are assumed to be independent or dependent
of launch time (independent: the launch time ofdpiis has no influence on each other; dependent: th
former launched products have certain influences otimers) will affect the assessment process.
Unfortunately, the proper assumption at the stdggal and scope definition has received less &tten
than it deserves.

Therefore, LCA requires clear system boundaries spetified inputs, outputs and impact categories.
Otherwise, the final impacts are hard to be partéd and the mapped-relationship between the system
studied and the environmental effects may be cwetsial. However, the ambiguous nature of
conceptual design leads to difficulties in definthg goal and scope.

4.2 Uncertain inventory data

As a quantitative method, LCA has high requireméotglata quality and is sensitive to uncertaintlas
LCA, data are collected and stored at the LCI st&gstly, regarding the data source, collectirtg-si
specific data (with respect to a specific geograpication) or general data (the average data cayer
larger geographical area), should be defined gleBidrmally, the inherent uncertainty of a specdita
set is typically low, while the uncertainties ofesage data (e.g. resulting from the variation in
management between individual plants) are relatiwifficult to predict (Weidema et al., 2003). In
addition, making appropriate assumptions on thecteh of data sources is important. For data
collection methods, records of material consumptasrd customer buying behavior are examples.
However, improper data collection methods may keaetrors, and these errors can affect the LCllt®esu



drastically (Jacquetta et al., 1995). For examgsta on actual materials and energy consumption are
more reliable than questionnaire feedback.

Basically, input and output data of materials, gpeand all detailed levels of property need to be
detected in LCA (Dale et al., 1997; Frischknech&let2004). However, incomplete inventory dataoft
leads to difficulties in achieving reliable LCA wits. For all industries, it is shown that the intary data
quality is an important concern in electricity puation (May and Brennan, 2003; Maurice et al., 2000
On the other hand, data quality is an importanicaidr of LCA quality (Weidema and Wesnaes, 1996).
Properties such as sensitivity and uncertainty haweediate influences on the final result and dffae
output quality. When these two parameters are ctiyreneasured, they can be strong indicators fer th
selection of products or processes (Grimes-Casay,e2011). Particularly for the electricity anibfoiel
industries, uncertainties often occur because itnason constraints and efficiency losses arediiffito
estimate in the transmission and distribution syst¢Weber et al., 2009; Zhai and Williams, 2009).
Uncertainties in LCA can be categorized into 6 s/ffduijbregts, 1998; Field, 2001; Reap, 2008):

« Parameter uncertainty: Lack of data in a collectaord lack of knowledge about specific
processes, materials, and emissions, togetheiingittmplete and outdated measurements.

* Model variability: Original drawbacks in the calatibn algorithms exist. In addition, not all data
features are suitable to be modeled within the ISBActure.

* Uncertainty due to choices: Choices of functiomegitand choices of procedures both can affect
the final analysis.

» Spatial variability: It is caused by the spreadimgperty of environmental impacts. Regardless of
spatial context (e.g. location), it could result imappropriate LCA results and introduce
uncertainties.

» Temporal variability: For inventories, emissiongdampacts not only spread spatially but also
last for a certain period. For impact assessmeritGAs, environmental interventions over a
relatively short time period are often not taketo iaccount, which leads to variability.

» Variability between sources and objects: In LCAg thherent differences in inputs and emissions
can cause variability. Furthermore, variabilityvoegén objects also exists in the characterization
phase.

From data collection to computation, each steppuasntial bias, and consequently the result wilahe
accumulation of all the former errors. Hence, whasblems occur, it is important to be able to detiee
source of uncertainty so that diagnosis can bdititeid (Bjorklund, 2002; Seager et al., 2008). §hu
statistical analysis of LCA is especially importémt examining data quality and eliminating bias.

4.3 Fuzzy environmental impact and trade-off

Regarding environmental impact, the primary problesmthe identification of the impact category.
Referring to a survey by Reap et al. (2008), therstill a lack of standardization in several impac
categories. A debate on the categorization of icertapacts, such as soil salinity and erosion
demonstrates the necessity to standardize imptegar@es (Jolliet et al., 2004). Secondly, envirental
impacts are assessed in terms of space and tioeséaer time analysis) (Hauschild et al., 2005tdF

al. 2001; Udo de Haes et al., 2004). For insta@eeen House Gas emissions are spreading and have a
lasting effect within a certain period of time. g the assessment, LCA practitioners always make a
prediction to estimate the possible influence @& gihenomena. Moreover, the temporal distribution of



environmental impacts is an indicator to revealgheironmental consequences caused by discretesstag
(e.g. manufacturing, use, disposal). Comparisowédmt products that are ‘clean’ to make but ‘ditty’
use and those ‘dirty’ to make but ‘clean’ to useswearried out by Field et al. (2001), and the tssul
showed that the former one is preferred with leta tmpact.

On the other hand, the environmental trade-off betwdifferent products is quite complex. Fieldlet a
(2001) argued that environmental effects are aggeegresults which cannot be reflected purely feom

single product, and a series of similar productsuhbe treated as a whole. However, many studies a
conducted on individual products but ignore the@# caused by product-fleet (Field et al. 2001).

In addition, it is challenging to quantify the teadff between economic benefits and environmental
impacts. The trade-off between economic growth emdronmental protection has been discussed for
more than a decade. Until now, governments arkesstilggling for a balance between environmental
legislation and economic growth policy. Particufdari developing countries, trade-offs against thress
Domestic Product result in environmental degradatio this respect, Arrow et al. (1995) proposed
carrying capacity and ecosystem resilience to éadkis situation. However, it is mentioned that
resilience is difficult to measure while adaptivarmagement may be applied for detecting environrhenta
problems.

4.4 Inaccurate data interpretation

Data interpretation is the last step in the LCA gass. At this stage, results are analyzed and
recommendations are given to decision-makers. Wéhikduating the overall performance, the effects
actually contain accumulated errors throughoutthele actions, and it is thorny to prevent thesersr
Based on results with cumulative bias, it is totmhlistinguish clearly which element is the roats= of

the impact.

Therefore, iterative analysis is required to previd more scientific interpretation together with a
comprehensive analysis of the underlying errors @mzertainties. By combining the detection of error
sources, the actual influence of each componenbeatetermined (Anna and Bjorklund, 2002; Seager et
al., 2008). Based on knowledge of the error sourtesresults can be verified and validated prgperl
Unfortunately, not all errors can match a causair@® in practice. Especially in the mathematical
analysis process, too many uncertainties arisey Tieey be due to mechanical failures, or due to the
computation methods used. Although the assumpt@n predictions have been stated, ambiguous
uncertainties are unavoidable, and the exact cenéie level is still difficult to find.

5. Solutions Generation for Reliable LCA

To tackle the problems stated in Section 4, qual#éaand quantitative methods are emerging in riecen
years. The qualitative methods adopt empiricalistutb support the data collection and data arslysi
The quantitative methods use statistical or dataingi techniques to analyze and extract the data to
provide justification for a better eco-design.

5.1 Qualitative M ethodsto Assist Goal and Scope Definition
Design for X (e.g. Design for assembly, Designdimassembly) (Boothroyd and Alting, 1992; Jovane et
al., 1993) and ‘3Rs’ (reduce, reuse, recycle) (Yaknet al., 1996) are good approaches to add addlti



value to products. These strategies can set tHeofb&A for lowering environmental impacts and el
to extend the system boundaries with the concdrpsotonged lifespan.

Moreover, other environmental concepts work codpeasly with LCA and also play key roles in green
product development, such as sustainability, wisatefined by the United Nations’ World Commission
on Environment and Development (World CommissionEmvironment and Development, 1987): ‘...
devel opment that meets the needs of the present without compromising the ability of future generations to
meet their own needs’. It has evolved to be a guidance to balance eithe economy or ecosystem
(Norton, 2005).

5.1.1 Recommendations to specify a functional unit and system boundaries

As mentioned above, the functional unit is vitalelosure that the function is complete and to enable
product comparison. According to a study by Weid€2@3), product properties are classified inte¢hr
categories, obligatory, positioning, and markettgvant. This classification can be used as theirgga
point for a proper definition of products. A furail unit often involves obligatory and positioning
properties. If extra functions are entailed, thelseuld be considered, and the system boundarieddsho
be expanded. One recommendation to define the ifunadt unit was proposed to include system
expansion when feasible and to use a mass-basetiofuad unit. If the properties of the product cann
be completely described by a mass-based function& a combination of physical and economic
parameter units is suggested (Schau and Fet, 2008).

Regarding the system boundaries, boundaries rel&iproduction capital or personnel, as well &s th
boundaries in relation to the other products’ &ifeles, are included (Hospido et al., 2010). Gdhetthe
boundaries relative to production capital or pensbrare disregarded. However, when infrastructots a
as a relevant parameter on the lab scale and andhbstrial scale, a sensitivity analysis is recanded

so as to evaluate the possible implications ofastfucture exclusion. When the same process(es) is
shared by several products or functions, boundae&sed to other product life cycles need to be
considered. Subdivision, system expansion, andcailon are hierarchical recommendation by ISO
standards (ISO 14044, 2006). What should be indwde=xcluded is heavily dependent on the functiona
unit.

Moreover, scenario development affects the dedinitof system boundaries. Identical processes in
different scenarios can only be excluded if thesnafice flows corresponding to these processes are
strictly equal (i.e. total output of the system taiso be identical).

5.1.2 Design for X

Design for X (DFX) is a collection of guidelinese@erally, DFX includes Design for Assembly (DFA),
Design for Disassembly (DFD), and Design for Reieyel(DFR), to name but a few. Among these
guidelines, two should be emphasized:

» Design for Environment (DFE). It considers desiggues from an environmental viewpoint as an
overall evaluation (Joseph, 2009) and includestaerinciples that provides guidelines and
references for manufacturers and designers:

o0 Embed life-cycle thinking in the product developinprocess
o Evaluate the resource efficiency and effectiveinés¢ise overall system
0 Select appropriate metrics to present productchfee performance



Maintain and apply a portfolio of systematic desstyategies

Use analysis methods to evaluate design performamtérade-offs

Provide software capabilities to facilitate the lagation of DFE practices

0 Seek inspiration from nature for the design of piaid and systems
Basically, LCA is highly similar to Design for Emenment since they have a common target and
share lots of similar tools. Some researchersdrgistinguish them as two discrete concepts.
Actually, it is unnecessary because LCA can berdmghas a routine to realize DFE (Tukker,
2000). Environmental impact assessment (EIA) isameept of DFE and its process makes use
of the major steps of LCA.

» Design for Disassembly (DFD) is different from Dgsifor ‘3Rs’ (Alting, 1995). It considers
ease of disassembly at the design stage. Basicblbares more about production efficiency
which influences economic benefits and social éffedvieanwhile, reducing disassembly
complexity helps to control energy consumption amak load. Generally speaking, DFD is an
important consideration when used to simplify LCHa(schild et al., 2005). For example,
Glazebrook and Coulon (2000) suggested a combmatidFD and LCA to develop a design
tool which could satisfy the design requirementsaddition, the process with the focus of DFD
can be defined through LCA approaches (Westkan2063).

O O O

Integration of LCA into Design for ‘X’ optimizes ¢hmanufacturing and satisfies the integrated prtoduc
policy. Although the definition and application thfese rules and techniques are different, the tigesc
are the same, which is to achieve a more effipeotluct development process.

5.1.3 End-of-life Options

To define the scope of LCA, end-of-life options aomsidered, as they can extend a product’s usigdle
with the same material and energy consumption. Gdpe end-of-life options involve a series of
strategies to assist post-treatment of productd) as: reducing, reuse, and recycling. For ‘SRgd{Re,
Reuse, Recycle), the environmental load is redimgedividing the environmental impacts into longer
time spans. Reducing is to minimize waste. Reuse use an item again after it has been used. ®eus
can help to prolong the lifespan of the materialparts. Recycling is to make use of used mateimals
new products. Therefore, 3Rs, which should be densd at the beginning stage of product development
can improve the result of LCA.

LCA has been applied to assess the total envirotahenpacts after reuse, and the result is compared
with the process without reuse. To further expthis issue, Simon et al. (2001) described two nmsdel
steady-state model used by previous authors andra sophisticated transient original model. The
results showed greater savings could be obtainedusing more components rather than recovering end
of-life parts (Simon et al., 2001). Moreover, Latitypercube sampling was conducted by Huijbregts
(1998) in the matrix (inventory) method of opengaecycling to detect global warming potentials A.C
was also applied to achieve global sustainabfitpugh material recycling (Hanssen, 1999).

5.2 Numerical and Analytical Methodsto Tackle Inventory Data

Another main challenge is to deal with LCI datavidg reviewed existing work on LCA, it appears that
many sophisticated mathematical theories couldniygl@yed to improve LCA by dealing with LCI data.
Using advanced analytical techniques and otherig®adt is more convenient to reorganize the data.



5.2.1 Statistical techniques

To resolve data quality issues (e.g. sensitivitycantainty), statistical algorithms such as the
microaggregation approach (Lin et al., 2010) ared wisual assessment based data partitioning method
(Chen et al., 2013) are oftentimes used. For igstadultivariate Regression analysis has been eghpd
analyze data quality (Wang et al., 2010). Weibuldlgsis and regression analysis are tools to detect
system reliability and failure (Mazhar et al., 20@0Vang et al., 2010). These two methods are used fo
parameter analysis. With all parameters fixed eixtiep one being studied, the system performance can
be observed by changing the free parameter. $tatisheories are also applied to modify defectieta

and avoid errors. Possibility theory mainly dealthvdata uncertainty problems (Tan et al., 20032). A
these mathematical methods are to provide a quabtyof inventory data which can be used to evalua
the quality of LCA results and to improve dataabliity.

Furthermore, Monte Carlo (MC) Simulation is a siatidn method which is commonly used to fix data
quality problems (Maurice et al., 2000). Accordind-aGrega et al. (1994), Monte Carlo is a methnad t
replaces point estimates by random variables dfasyn probability density functions. To carry out MC
simulations, the software Crystal Ball is used (tega et al, 1994). Firstly, LCI data is preparedM®
simulation. Next, essential factors are selected the distribution of data is determined. Then the
possibility distribution is set in a spreadshedt ard loaded into the MC simulation system. Théada
will be recalculated based on the random variablecsed from the distribution, a process thatdasaied
more than 10,000 times. Finally, the simulation egates the output and analysis results of the data
guality from sensitivity and uncertainty perspeesivSimulation is a very traditional but usefullttoy
LCA users. Moreover, Discrete Event Simulation, ihaHypercube Simulation and Probabilistic
Simulation are also applied widely to deal with emainty problems.

In addition, simulation techniques can verify unaigties and check the result qualities. Several
simulation models are shown in Table 1. Throughrgaoization of the inventory data and iterative
selections/computations, random and stable tri@sohbtained and loaded into corresponding simulatio
systems. In this process, data are transformedubhr simulations, data can become more stable, and
more reliable results can be guaranteed. Morealats mining is also an efficient method to evaluate
data quality (Feeldersa et al., 2000). Additionapssibility theory is implemented to estimate the
uncertainty of data and improve the final accuréRstymond et al., 2002). Fuzzy set theory and Rough
set theory are often integrated with clusteringeural networks to gain more stable and reliatdelts.

Users can select a proper stage for modificatian f@eventing errors during calculation or redtifythe
results after calculation), and then choose a lleitanethod, according to the characteristics of the
statistical tools.

5.2.2 Data Gathering Techniquestowards Reliable I nventory Data

Doing surveys is a common method for data collectiBjérklund (2002) organized a survey to
investigate the commonly used approaches of datditgjumanagement, sensitivity analysis and
uncertainty analysis. Moreover, Bruce et al. (198&)ducted a questionnaire survey in North America
and Europe to solicit suggestions and recommendafimm LCA practitioners. The data collected are
used to verify the commonly used LCA particles assist the evaluation of LCA data sources. Normally
a survey is an effective method to get valid dB@sed on the responses from LCA practitioners, the



results provide LCA users with suggestions whetentibn should be paid in selecting suitable and
reliable databases.

On the other hand, quality function deployment (QkDalso a useful tool to gather data from users i
order to pursue better product design. For instatioe concept of environmental conscious quality
function deployment (Vinodh and Rathod, 2010) wappsed to integrate QFD into the LCA process.

5.3 Data Mining Techniques and Sustainability Toolsto Handle Environmental

Impact |ssues

Data mining approaches are effective tools forsifization and prediction. Data mining is a proctss
discover knowledge from large amounts of data. ifilientory data of the design concept, namely, input
output of materials and energy, can be analyzexlithr data mining. In general, data mining congiéts
Clustering (Lv et al., 2011; Sousa and Wallace 620Bssociation rule generation (Lee et al., 204r&)
Neural networks (Cao et al.,, 2011; Chen and LidQ12 Mazhar et al., 2007; Park and Seo, 2003).
Clustering is mainly used for classification baseddistances (similarities) between different catser
designs. Association rule generation is employedirtd regularities between products in large-scale
transaction data. It is possible to cope with bmiimerical data and textual information and has imeco
an important method to evaluate conceptual desigtis large textual information. According to the
characteristics of the impact categories, the dreese gas emission or environmental impacts are
extracted and clustered. Then the relationshipsd®t the inventory data and environmental impaats ¢
be further identified. Neural networks consist mterconnected groups of artificial neurons and @ssc
information through a connectionist approach to potation. In LCA, a neural network is used to bedg
product design with its environmental impacts amgrovide a useful approach to untangle the impacts
(Ocampo-Duque et al., 2012; Park et al., 2001;Sab., 2005; Sucena et al., 2013).

Considering the dimensions of sustainability, thede-off between the environment, economy and
society should be considered (Kloepffer, 2008).sEraree dimensions encourage the extensions of LCA
Life cycle costing (Gluch and Baumann, 2004), Coshefit analysis (Johansson, 1996), Total cost
accounting (Udo de Haes, 2004), Life cycle socisteasment (Gluch and Baumann, 2004) and
Environmental risk assessment. There is no doudit ttiey contribute to a more comprehensive LCA
system for achieving sustainability. Moreover, thane indispensable components for environmental
management as they are indicators for the commtimicaf LCA results and applications (Lim and Park,
2009). On the other hand, these life cycle appresgnovide more paradigms to deal with environmenta
trade-offs.

5.4 Decision Support Toolsto Facilitate Decision M aking

Multiple objective optimization provides an impartaapproach to find the best solution under mutipl
constraints (Adisa, 1999). Multi-criteria analysigth the advantage of incorporating both qualitatnd
guantitative data into the process, is also a ustfategy to identify the optimal policy (Ness,020
Wrisberg et al., 2002). Moreover, the Analytic Hiethy Process (AHP) is also a systematic decision-
making method to organize the whole structure Bwed provides a clear knowledge presentationt(Li e
al., 2006). Case-based reasoning (CBR) is an gguypach to represent knowledge and a kind of expert
system that supports decision making (Lee et 8062 Rough set theory and fuzzy theory are usually
applied in computation with uncertain and fuzzyadé€ao et al., 2011; Guiereca et al., 2007; Lv ¢t al
2011; Zhang and Qu, 2008). These methods helprsuplbetter computation processes, which contain



uncertainties. In addition, Window analysis is amoe to assist selection and prediction (Iribar21,0),
and examines the changes of efficiency of every aina chosen time set. According to the analysis,
estimation of the system performance can be oltaipeoviding evidence for selection and decision
making.

Apart from quantitative methods, the Theory of Imie Problems Solving (TRIZ) is also widely

adopted to support the exploration of optimal denismaking (Clifford et al., 2010; Raymond et al.,
2002; Wang et al., 2010). Clifford et al. (2010)\veleped a model embedding TRIZ into the impact
assessment stage of LCA, and the results showed ahdecision with optimal environmental

performances can be achieved by this model.

Moreover, sustainability has aroused the publiergdt in making the planet a better place to live.
Regarding sustainability as the ideal solutiorargé numbers of concepts and methods have emearged t
improve the adoption of LCA. Especially in manutagtg production, sustainability inspires researshe
to develop LCA methodologies and decision toolsefinick et al., 2003), providing practical guidanc
for businesses and industries, whether in prodaaioin project management (Labuschagne and Brent,
2005; Maxwell and van der Vorst, 2003). ExtendinGAL from eco-efficiency to global energy
distribution and materials recycling helps to ahiglobal sustainability (Hanssen, 1999). Thesesas
indicate that researchers are attempting to integelevant techniques with LCA in order to develop
more advanced sustainable design models.

Table 1 summarizes the different types of analytivethods used in LCA, and provides LCA users with
a list of optimization tools for reference.



Table 1. Collection of commonly used techniques

M ethods Applications References
. L Process Design
MUIt'p.Ie.ObJ(.ECtlve Selection Adisa, 1999
optimization Decision
Analytic Hierarchy Green design :
Process (AHP) Decision Lagal., 2006
Decision
support Case-based Reasoning Product design
N techniques (CBR) Decision Lee and Lau, 2006
Decision
support - Cao et al., 2011;
and Rough set theory Prediction Zhang and Qu, 2008
statistical Decision Lvetal., 2011;
techniques Fuzzy theory Manufacturing Zhang and Qu, 200;
system Glereca et al., 2007
Window analysis Ifr(:;lgi(c::t':icc))r:] Iribarren et al., 2010
. . Reliability
Statistical Weibull analysis Field failure Mazhar et al., 2007
techniques Rearession analvsis Reliability Mazhar et al., 2007;
9 y Field failure Wang et al., 2010
Possibility theory Uncertainty Raymond et al., 2002
. Product Lv et al., 2011; Sousa
Clustering classification and Wallace. 2006
Conceptual Design '
D_atg Assomatlo_n rule CIaSS|f|cat|o_n Lee et al., 2012
mining generation Concept design
techniques Concent desian Cao et al., 2011;
) ptaesig Mazhar et al., 2007;
Neural network Design environmen Park
DEX ark and Sgo, 2003
Chen and Liau, 2001
Manfred, 2001;
Data mining Data quality analvsis Raymond et al., 2002;
and Monte Carlo Ucrllcertzlint YSI® Maurice et al., 2000;
simulation Simulation Process ana)ll sis Guido et al., 2003;
techniques y May and Brennan,
2003
Simulation Discrete Event Manufactunng Lofgren and Tillman,
. . : system analysis
techniques Simulation Decision making 2011
. Uncertainty analysis
Latgr;ﬂxgﬁ(r;ube Rule generation Huijbregts, 1998
Variability
I Uncertainty
Psrfrgsg,::ztrl]c Rule generation Huijbregts, 1998
Variability




6. Life Cycle Assessment in Product Development

Multiple steps are involved in the completion op@duct (e.g. design, manufacturing, and delivery).
Based on a survey conducted by Veshagh and Obazpoi7), LCA is widely accepted among
manufacturing industries as the most important wayntegrate environmental concerns into product
development (Nielsen and Wenzel, 2002; Khan eR8@D?2). Before starting Product Design, the concept
should be designed first (Fig.3). Concept desighésstage at which ideas are generated and treajen
frame of the new product is defined. The conceplistien be selected and verified. After comparaig

the selected concepts, the final concept will beseh. At the Part Design stage, each component is
selected and examined. At the Process Design sfageessing methods, such as electroplating or
grinding, are selected. Finally, designers andeuatonanagers have to make an appropriate decision
considering all the information they have. Suppibitg LCA methodology, decision makers can practice
sustainable product development in a better way.

Concept Design Part Design Process Design tecision Making
) ( N\ ( ) )
=1 eDevelopment of =1 «Time Weighted =1 eExamination of * Decision Tree
eco-concepts Inventory Pollutant and Analysis
o Classification of * Material Selection toxic material e Scenario
eCO'deSign . Environmenta”y generation Formulation and
e Exploration of Friendly *Waste analysis
Design Packaging Design Minimization « Economic Benefit
Environment e |dentification of ¢ Production Analysis
alternatives efficiency
Improvement
. J . J . J \. J

Fig. 3 Life cycle assessment in Product development

6.1 LCA for Concept Design

At the concept design stage, the inputs are custan technological requirements, and the outpgs a
the prototypes. Because of a lack of sufficienusate data, this step requires more delicate agsumsp
and computations. Sometimes, prediction and padggihnalysis is needed to figure out as much expli
information as possible. Therefore, mathematicathows are commonly integrated with LCA to
facilitate the estimation and evaluation of thesecepts.

« Development of eco-concepts. At the conceptualization stage, general infororatabout the
product is determined such as shape, size, matefiaictions and complexity, and constitutes
initial data about the product design. Accordinglyrelationship can be established between the
design data and the final features (e.g. emisgiansed by aluminum). Due to the uncertainty of
the conceptual data, the outputs need predicti@hpassibility analysis to constrain the scope
and reveal the uncertainty. Thus, analytical athors such as an Artificial Neural Network
(ANN) can be integrated in LCA to bridge the gapwmen the concept data and the final
environmental impacts (Chen and Liau, 2001). Tiselte are valuable references for designers
to identify these concepts according to environmecbnsequences (Sousa and Wallace, 2006).
Combined with the measurement of life, energy comgion, and environmental effects,



concepts can be compared from a more comprehevisipoint. Thus, designers can recognize
environmentally friendly features for each conceptl integrate them in an early design stage
leading towards a sustainable product. On the dthed, economic considerations (Economic
Efficiency), as another dimension of sustainahiliban also be taken into account in the
conceptual design stage (Yan et al., 2009). Thrdaaghincing environmental issues and cost, the
maximum benefit can be sought. In this respect,g8tly and Hochschorner (2006) conducted a
study to analyze the value of 15 eco-design tools fa sustainability perspective.

Classfication of eco-design (Sousa and Wallace, 2006). Based on LCA resultsdesign
concepts can be labeled with their environmentduémces, providing an effective way to
classify and evaluate different concepts (e.g. alum cup vs. wooden cup). This can help
enterprises to position their products appropiyatel the market. However, most existing
classification methods are based on functions atoconer preferences, so eco-classification
brings about a new perspective in improving procapgeal. Furthermore, it is a good way to
improve the product brand name and build up a gtreputation. To utilize the classification,
data mining methods are helpful (e.g. clusterind ame generation) (Olafsson et al., 2008;
Renato Coopi, 2002; Romero and Ventura, 2007). élstudata mining has been successfully
used in customer relationship management (Ngail.e2609), text mining (Ur-Rahman and
Harding, 2011), quality management of distributeghaofacturing (Lv et al., 2011) and customer
service (Hui and Jha, 2000), and so on. It is alsonising in SPD. For instance, hierarchical
clustering can assign products into different catieg based on certain attributes/features (Sousa
and Wallace, 2006). Moreover, learning surrogaté w@s proposed by Sousa et al. (Sousa et al.,
2001; Sousa et al., 1999), and is a developmemdbemcompared with the traditional full LCA.

It begins with full LCA data and extracts simpldi€Cl as training data into ANN. The output of
the system is associated through ANN, and the ilegrsurrogate LCA simplifies the inventory
processing. Learning surrogate LCA has been apftiegroduct classification and in achieving
efficient classification (Sousa and Wallace, 2006).

Exploration of design environment (Park and Seo, 2003). A theoretical model of kreulgk-
based approximate life cycle assessment was propfmseembedding LCA into the design
process. Consequently, a systematic framework antbontegrate environmental considerations
into product design process was established. Tésgd process framework can be used to
develop more comprehensive theoretical ideas feigders (Heijungs et al., 2010). Such work
makes it for more convenient sustainable designsdobuilt in a contemporary design
environment.

For concept design, LCA gives us an approach tbdas concepts from the environmental impact
viewpoint. Feedback needs to be considered so fsrtmlate design strategies which can provide help
in achieving more environmentally friendly products

6.2 LCA for Part Design
At this stage, the mechanism for every modulegard out and validated. Designers are more lit@ly
be able to find a sustainable design if they p@seasironmental impact measures.

Time weighted inventory (Chung and Wee, 2008). Due to increasing competifiressure,
shorter life cycles and efficient production arend@ded urgently. A time-weighted inventory
(TWI) was proposed to incorporate time efficieneyoi life cycle analysis. Pre-assessed and



labeled parts make the selection process easieaube designers only need to select a more
environment-friendly part for assembly. Through tiembination of LCA with the responsive
product development, TWI makes agile productiorsjlbs. Effective and efficient assembly and
delivery are achieved to improve the product lifele management.

* Material selection (Hanssen, 1998; Heijungs et al., 2010; Menouéile2012; Tu, 1998). Firstly,
LCA provides an approach to measure different masersuch as raw materials and recycled
materials. Afterwards, these materials are evallaed compared according to the results
obtained. Secondly, companies pay great attentichda environmental impacts of the material
use for the finished product, as LCA is a populaol tfor doing relevant material analysis
(Maruschke and Rosemann, 2005; Seager et al., 2B@8&jcularly in the automotive industries,
firms pay high costs in analyzing the materialsytige in their products. Examples include:
BMW studies the environmental impact of all matierizsed; some electric vehicle manufacturers
are very careful about the effects caused by theerees they use. Moreover, the analysis of
material/substance flow is an important method iszaler the environmental impacts of the
product and enables effective measurement of siadtidity (Ness et al., 2007). In this regard, an
approach to substance flow analysis was proposédetdify the environmental impact source,
and how the environmental burden can be reducetikginen et al., 2004).

* Environmentally friendly packaging design (Hanssen, 1998; Simon et al., 2001). Packaging
design is one crucial design process which canecawgjor impacts on the environment. As
mentioned in Section 1, LCA was initialized becaa$econcerns about beverage containers.
Through decades of development, LCA has been aspregay to estimate packaging and
improve packaging systems. Generally, it promotek@ging techniques towards recyclable and
greener directions.

* ldentification of alternatives. The alternatives can be different types of pantsdifferent
candidates within the same type. Identificationattérnatives is often mentioned in electronic
products (Mazhar et al., 2007). As is known, etattr products consist of huge numbers of parts.
For example, a printed circuit board (PCB) is bwith hundreds of chips. An efficient and
environment friendly assembly method is needed. li€able to identify environmental impacts
of each component. Thus, the environmentally hamerdcomponents can be detected and
replaced by environmentally friendly ones. The tdaation of alternatives is a helpful way for
designers to make quick decisions for final assgmbl

6.3 LCA for Process design

Process design relates to the selection of a pga@eg. turning or grinding) and arrangements fer t
processing sequence (e.g. turning first or millfingt). From the LCA viewpoint, the process can be
decomposed into material and energy flows. The ntgjof environmental impacts are produced when
resources are consumed.

» Examination of pollutant and toxic material generation (Adisa, 1999; Azapagic et al., 2006;
Culaba and Purvis, 1999; Manfred, 2001). For trengbal and electronic industries, the impacts
of every chemical element/substance and everyiomashould be strictly controlled, since the
outputs and emissions often cause pollution an@wea toxic to human beings. It is necessary to
evaluate the overall effects with LCA in order teeb the impacts within an acceptable range.
According to the latest research efforts, LCA hamegd more and more attention and has turned



out to be a good assisting tool for industries lanping their production efficiently and
effectively.

Waste minimization (Adisa, 1999; Culaba and Purvis, 1999; Lu and Re2lf12; Grossmann,
2004). Waste management has been recognized bgndhefacturing industries as the most
popular sustainable product design strategy (Veslaagl Obagun, 2007). LCA results provide
references for designers to adjust their procetaslslend to optimize their design to minimize
waste. Particularly for the chemical industriesaraes of chemical agents lead changes of
reactions, which result in different types and amsuwf emission and waste. Additionally, for
process design, waste minimization and productificiency improvement are two targets to
reduce environmental effects and to achieve a viin-situation for the economy and the
environment.

Production efficiency improvement. LCA is also applied to develop theoretical modiels
efficient production. For example, LCA is usefulr fproject initiation, preliminary design,
detailed design, or final design when building atainable and efficient design environment
(Azapagic et al., 2006). Moreover, LCA is applieddetect errors of inventory-based input and
output (Manfred, 2001). As a quantitative metho@ALhas the ability and potential to combine
with analytical algorithms which can verify processors and improve efficiencies.

Most often, LCA is combined with a knowledge basel aatabase to analyze process design. The
inventory tree is an important approach for buiidgystematic and clear storage of a large amouraveof
materials and waste data. For product designerg, fu©vides a broad platform to introduce analytical
algorithms for solving problems.

6.4 LCA for Decision Making

Decision-making is always challenging for designansl project managers. It directly determines the
final performance and the success of the produot. IECA, it has the advantages of covering
performances over the whole product life and tlwee€an provide the most comprehensive evaluation.

Decision tree analysis (Keoleian, 1993; Miettinen and Hamalainen, 1991mgan, 2000; Udo de
Haes, 1993; Waage, 2007). Through the assessmestvionmental impacts (e.g. pollution
load), designers can get a basic understandirfgeaérivironmental performance of a product and
thereby identify whether the product is environradiptfriendly or not. Additionally, some work
shifts the LCA focus from ‘product’ to ‘manufactng system’ in order to get a more general
estimate (Lofgren et al., 2011). LCA is also intdgd with other methods and theories to
enhance decision-making. Discrete-event simulatioised for conceptual evaluation of the
manufacturing system. This method is embedded iA k€ make a better arrangement of the
manufacturing system (Lofgren and Tillman, 2011)z#y theory embedded in LCA permits
construction of a preferred order amongst a sesfealternatives (Glereca et al.,, 2007). In
addition, TRIZ is successfully integrated to op#eniLCA and helps to reach optimal decisions
(Clifford et al., 2010). Because of all kinds obewiles and standards, LCA seems essential at the
decision stage for optimal decision making, to dvobnflicts with environmental organizations
and to meet customers’ eco-consciousness.

Scenario formulation and analysis. This means the further potential of joint impleraion of
LCA and data analysis (Iribarren et al., 2010). eehianalysis methods (i.e. super-efficiency
analysis, inter-and-intra assessments, and windoalysis) are illustrated, and future



development can be predicted. It is beneficial fidure product idea generation and enables
continuous improvements.

» Economic benefit analysis (Westkamper and Osten-Sacken, 1998; William, 200)e
economic benefit is always a priority for industijhus, profit is a fundamental concern in
decision making. Kloepffer (2003) argued that laé tosts, especially hidden costs (e.g. costs in
the use of product, waste removal or recyclinghusth be taken into account in assessing the
environmental impact or sustainability of a produltierefore, Life Cycle Costing Assessment
(LCCA) was proposed, affecting the decision togetiwth LCA. It pursues a compromise
between environmental impact and economic profit. Sbme extent, it is a multi-objective
optimization process. For example, achieving moistagnable products means a higher cost for
clean energy and renewable materials. Throughngetustainability as one constraint and
business strategy as another, the best balanderelétively good sustainability and good profit,
is expected to be found.

For decision-making, environmental issues cannoighered, especially under the huge pressure from
eco-organizations and social responsibility. LCAacknowledged as a feasible routine for firms t@ime
the social expectation on environmental protecti@r. example, HP built a laboratory to study LCAlan
successfully achieved green products (Lofgren et28l11; Lofgren and Tillman, 2011). However, the
investment in terms of economies and technologgossiderable for most small and medium-size
enterprises (Hauschild et al., 2005).

In general, LCA is applied more often by practigosito achieve environmental-friendly conceptdat t
conceptual design stage. However, it is more chgilfegy to ensure inventory data quality and LCA
results as data at design conceptual stage is pleten In addition, there is the necessity of irdéigg
various data analysis techniques (e.g. statistiesghods, artificial intelligence) to cope with @ifént data
sources. In this regard, more specific data at gheduct and process design stage can provide
practitioners with more opportunities to apply L&#* SPD.

7. Discussion and Outlook

A large amount of LCA research has been constamtigrging in recent years. Almost every level of
LCA research, from algorithms to applications, &nlg studied. Nevertheless, there are still aredset
further explored.

On the one hand, at the concept design stage gibtarproduct features, such as emotional desigh an
user experience (e.g. visual, tactile, and auditevizich are crucial aspects of product design and
development, lack deep considerations over the aevhmioduct life. Therefore, the associated
environmental impacts have not been taken into wadcen LCA. Based on the analysis of related
research, the intangible aspects appear to be amatenore important in facilitating product desibnt

the related environmental impacts caused by tresgeifes are often neglected. However, it is diffitu
apply LCA to tackle intangible features, since mgible factors are always in a qualitative formad are
difficult to be quantified and measured exactly.rBtwver, corresponding data collection, processing,
validation methods also need to be further developeerefore, new studies need to be done to explor
how LCA should cope with intangible features.



On the other hand, fierce market competition rexuindustries to shrink the lead time and the tione
market. Product development activities are notisal. Actually, information on every single stag@ot

only necessary input to the following stage butoads referential reflection of the previous stage.
Therefore, product development procedures can tferpeed in parallel and provide interactive feedbac
with each other so as to reduce the elapsed timee¥ample, production information (e.g. processing
complexity, environmental impacts) can help to ioyer the design phase to achieve better produdts wit
less manufacturing complexity and reduced enviraraieinfluences. However, the most sustainable
design methods developed in the past have faileattisess the interdependencies among the different
stages in a product’s life cycle (Chiu and Chu,201

As shown in Fig.4, product development activities ateractive, and the information flows between
different stages are two-way, giving rise to mooenplex and interactive materials and energy flols.
some extent, the application of LCA in DFX dealghaé similar situation, as it concerns the impacts
from the later stages. However, they focus on smspperposition of influences caused by post-treatm
but neglect the interactive and concurrent prodigstelopment activities that make the inventory data
dynamic and flexible. LCA should consider all tlederant influences, instead of only focusing on the
volume change in material and energy. Unfortunatekisting LCA methods were mostly developed
based on a (a series of) steady system (Hospidb, &010), and there is a lack of concern in enptp
the improvement of LCA methodology in such an agiteduct development environment. In order to
reflect actual practice, LCA needs to consider fiedback from all the other parts. It requires life
inventory data with the flexibility to be updataeduently and modified iteratively.
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Fig. 4 Interrelated strands of product developnienthe LCA

8. Conclusions

Based on review of more than one hundred papersjtaoduction of LCA towards SPD is presented.

This paper sheds light on the prevailing problem&CA research and presents related analytical and
theoretical solutions. Four categories of problem @vealed, including vague definitions, uncertain

inventory data, fuzzy environmental impacts andldraffs, and inaccurate interpretations. Relevant



principles, methods and models, which provide #mhst for the problems revealed, are collected and
analyzed. In addition, a table of commonly used LG&ls is organized, and LCA users can look foirthe
preferred tools in this paper. Therefore, the neaintributions of this work include 1) a systemaégiew

of more than one hundred LCA research papers;i@waperspective for studying the previous excellent
LCA research work in product development; 3) aicaitsummary of commonly used LCA tools; and 4)
insights for LCA researchers and practitioners lan ¢hallenges and opportunities in adopting LCA for
SPD.

Regarding the limitations of this work, to focustbie LCA practices in product development and emsur
an appropriate paper length, numerical analysith@fprevious publications is not presented, and LCA
research is not analyzed chronologically, but seldeon the LCA category. Nevertheless, researclagers
consider future exploration of the progressive tigyment of LCA through numerical analysis. Moreqver
the limitations and the outlook of LCA applied inmoduct development are investigated. The lack of
consideration in regard to intangible product fesduand an agile product development environment is
emphasized, and a promising direction for futureAL§udy is indicated. It is suggested that 1) the
environmental impacts of intangible product desgimould be taken into account in LCA, and 2)
developing LCA along with the pace of productiochigology advancement is necessary. However, LCA
adds complexity to the product development procésswork effectively, LCA requires the interactions
between the different stages of product developpaant it is expected to further extend the capaili
LCA to enable flexible data storage and interactioputation.
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Appendix A
AHP Analytic Hierarchy Process
ANN Artificial Neural Network
CBR e Case-based Reasoning
DFA e Design for Assembly
DFD e Design for Disassembly
DFE e Design for Environment
DFR e Design for Recycling
DEX e Design for X
EIA- Environmental Impact Assessment
ISO e International Standard Organization
LCA 7 e Life Cycle Assessment
LCCA Life Cycle Costing Assessment
LCI e Life Cycle Inventory
LCIA e Life Cycle Impact Assessment
MC Monte Carlo
PDD e Product Design and Development
QFD Quality Function Deployment
SETAC e Society of Environmental Toxicology and Chemistry
SPD Sustainable Product Development
TRIZ e Theory of Inventive of Problems Solving

TWIE Time-weighted Inventory





