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ABSTRACT

Sustainable manufacturing has become a criticaleider industries worldwide. In order to survive tioday's
competitive business environment, adopting sudbéénananufacturing practices has become a necesAity.
performance evaluation system is crucial for adhig\a successful sustainable manufacturing in titeraotive
industry. Hence, an AHP based-model for sustainat@eufacturing performance evaluation was develaopédis
study. Firstly, a set of initial key performanceaseres for sustainable manufacturing evaluatiorbkees identified
and derived from the literature. The measures wereloped based on the triple bottom line of soataility of
environmental, economic, and social, consistingniok criteria and further divided into a total df 4ubcriteria.
Secondly, a survey was conducted to confirm thetathéity of the initial measures with industry ptiges. The
results indicated that all the initial measures highly important and thus proposed as the keyagperdnce
measures of sustainable manufacturing evaluatiorafomotive industry. Finally, Analytic HierarctiBrocess
(AHP) is applied to sustainable manufacturing penfance evaluation based on the measures. Relatperiance
weight of all the measures is determined by sunmimgyithe opinions of experts. Quality and cost wetend to be
the top two important measures in evaluating soatdé manufacturing performance, while emission suplier
were the least important measures. It indicatetittfemautomotive industry is still focusing more thve economic
factor. The proposed model was then evaluated wsingse study company from the automotive industhe
results show the existing performance level onngfiles and weaknesses and provide directions fopaaias to
take appropriate actions in improving their perfanoe. It is hoped that the model enables and assisbmotive
companies in achieving the higher performance arassncreasing the competitiveness.
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1. Introduction

The increasing concerns to sustainability driverdgyslation, public interest, and competitive ogpaity (Linton

et al, 2007) have forced manufacturing companies tcsiden sustainability into their strategies and \éiigis.
Achieving sustainability in manufacturing activtibave been recognized as a critical need duertmigdhing non-
renewable resources, stricter regulations reladeshvironment and occupational safety, and inangasonsumer
preference for environmentally-friendly productaydl et al, 2010). The adoption of sustainable manufacturing
offers companies a cost effective route to imprthar economic, environmental, and social perforceaas the
three pillars of sustainability (Pusavetal,, 2010). Companies that adopt sustainable practioe able to achieve
better product quality, higher market-share, andreiased profits (Nambiar, 2010). Therefore, devatpp
sustainable manufacturing is becoming a criticabgl concern (ljomakt al, 2007).
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Sustainable manufacturing is certainly one of tligcel issues for the automotive industry. Thecabtive industry
has made remarkable positive contributions to tleeldveconomy and people’s mobility, but its produend
processes are a significant source of environmémtphct (Nunes and Bennett, 2010). The automotirstry
constitutes a product system that directly andraatly relates to economic wealth creation as alimpacts on the
natural and human environment along all phasesefptoduct life cycle (Warreat al, 2001). Thus, evaluating
sustainable manufacturing performance has becameeessity for this industry.

This paper proposes an AHP based-model for susaimaanufacturing performance evaluation in autdveot
industry. A set of initial key performance measufes sustainable manufacturing evaluation was ifiedt and

derived from the literature based on the tripledratline of sustainability of environmental, ecoriojrand social.
Then, a survey was conducted to confirm the addpyabf the initial measures with industry praai: Finally,

Analytic Hierarchy Process (AHP) was applied totaunsble manufacturing performance evaluation basethe

measures. The evaluation model enables and aasigtsotive companies to achieve the higher perfoomand

increase the competitiveness.

2. Methodology

The methodology has three interrelated stagest, Ring initial key performance measures for sustaim
manufacturing evaluation were identified and detifrem the literature. The initial measures wereeligped based
on the triple bottom line of sustainability of erommental, economic, and social, and constructeidtiegrating the
manufacturing performance measures and the suBlaimaanufacturing measures. Second, a survey throug
questionnaire was conducted to Malaysian automatdrapanies in order to confirm the adaptabilityttod initial
measures with industry practices. Finally, a suostale manufacturing performance evaluation basedhen
measures was developed using Analytic Hierarchgda® (AHP) methodology. The details are presemiettie
following sections.

2.1 Stage 1: Identification of key performance meases

This study starts with the development of initial/kperformance measures for sustainable manufagtaxialuation
in automotive companies through literature revidle initial measures have been constructed by riateg the
manufacturing performance measures and the suBlaimaanufacturing measures. The initial measurege ha
adopted the triple bottom line of sustainabilitynsisting of environmental, economic, and socialfgrarance
factors. As a result, the initial measures consiishree factors divided into nine criteria andtfier divided into a
total of 41 subcriteria were identified as showTable .

Table 1. Initial key performance measures for snatde manufacturing evaluation

Factors Criteria Subcriteria
Environmental | Emission Air emission, Water pollatih.and contamination
Resource utilization Energy utilization, Water igétion, Fuel consumption, Land used
Waste Solid waste, Hazardous waste, Waste water
Economic Quality Product reliability, Product duitéfp, Conformance to
specification, Customer complaint, Scrap and rewBeect rate
Cost Material cost, Setup cost, Overhead cost, niovg cost, Labor
cost, Rework cost
Delivery On time delivery, Delivery lead time, Dedry speed, Cycle time,
Due date compliance, Schedule attainment
Flexibility Volume flexibility, Product flexibility Process flexibility,
Technology flexibility, New product development
Social Employee Training and development, Occupatibealth & safety, Turn over
rate, Job satisfaction, Community satisfaction
Supplier Supplier certification, Supplier commitmheBupplier initiative
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2.2 Stage 2: Conducting industry survey

In order to validate the initial measures, a sunw@g conducted to automotive companies which mahufa parts

and accessories for motor vehicles and their esdisd in Proton Vendor Association (PVA) dirggtgear 2010.

Of the 118 questionnaires mailed, a total of 54oeses were received. Three of the responses werseable due

to incomplete answer, resulting in a response ofté3.2 percent. The respondents were asked to thate
importance level of each measure of sustainableufaaturing evaluation in their companies. A fiveirgoscale
ranging from 1 (not important at all) to 5 (veryportant) was used to rate the perspective of respus to the
importance level of the performance measures. Teannimportance values ranged from 3.902 to 4.431 as
presented in Table 2.

Table 2. Mean important level of the initial measufor sustainable manufacturing evaluation

Rank Measures Mean
1 On time delivery 4431
2 Material cost 4.373
3 Product reliability 4.314
4 Supplier initiative 4.294
5 Supplier commitment 4.294
6 Product durability 4.275
7 Conformance to specification 4.255
8 Occupational health and safety 4.235
9 Delivery lead time 4.216
10 Training and development 4.216
11 Fuel consumption 4.216
12 Energy utilization 4.216
13 Overhead cost 4.196
14 Volume flexibility 4,176
15 Reject rate 4,176
16 Customer complaint 4.157
17 Water utilization 4.157
18 Supplier certification 4,137
19 New product development 4,118
20 Job satisfaction 4118
21 Due date compliance 4,118
22 Water pollution 4,118
23 Labor cost 4.098
24 Cycle time 4.098
25 Setup cost 4.098
26 Scrap and rework 4.078
27 Delivery speed 4.078
28 Turnover rate 4.078
29 Air emission 4.059
30 Inventory cost 4.059
31 Product flexibility 4.039
32 Land contamination 4.000
33 Process flexibility 4.000
34 Solid waste 4.000
35 Schedule attainment 4.000
36 Rework cost 3.980
37 Community satisfaction 3.980
38 Hazardous waste 3.980
39 Land used 3.961
40 Technology flexibility 3.941
41 Waste water 3.902
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From the table, it can be seen that on time delibhed the highest value of 4.431. This is follovisdmaterial cost
with importance mean of 4.373. The next sequendesnportance are product reliability, supplier iattve,
supplier commitment, product durability, and confance to specification with importance mean of 4,31.294,
4.294, 4.275, and 4.255 respectively. Those topsarea included in the criteria of delivery, costality, and
supplier; and the factors of economic and social.tl®e other hand, land used, technology flexihilapd waste
water, were ranked the least important, but thesamvalues are at an importance level. Thereforean be
concluded from the results that all the initial mi@@s are perceived at high important level, and,tthree factors
with a total of nine criteria and 41 subcriteriav@deen proposed as the key performance measurssstainable
manufacturing evaluation in automotive companies.

2.3 Stage 3: Developing sustainable manufacturingegformance evaluation model

An evaluation model for sustainable manufacturiagfigrmance in automotive industry was develope@thas the
proposed measures. Analytic Hierarchy Process (Atd&hodology was applied in the developing of thedeh
consisting of constructing the hierarchy, calculgtihe relative weight, rating the measures, andpeding the
scores of companies, and ranking the companiesilBatre given in the following section.

3. Development of sustainable manufacturing performnce evaluation model

Analytic Hierarchy Process (AHP) first introduceg thomas L. Saaty in 1971 has become one of the widsly
used methods for multiple criteria decision makiffCDM) problems. It is a decision approach desigtedid in
making the solution of complex multiple criteriacoptems to a number of application domains (Sad@982. It has
been known as an essential tool for both practiticand academics to conduct researches in decisiaking and
examining management theories (Chengl, 2002). AHP as a problem solving method is flexiénd systematic
that can represent the elements of a complex profhanet al, 2006). Chengt al. (2002) pointed out several
benefits of AHP methodology. First, it helps to depose an unstructured problem into a rational sit@ci
hierarchy. Second, it can elicit more informatioanf the experts or decision makers by employingpie-wise
comparison of individual groups of elements. Thitdsets the computations to assign weights toelleenents.
Fourth, it uses the consistency measure to valitteteconsistency of the rating from the experts dadision
makers. The following steps show the developmentaf AHP-based model for sustainable manufacturing
performance evaluation in automotive companies.

3.1 Construct the hierarchy

The proposed key sustainable manufacturing perfoceaneasures are used in constructing a hierafdtey five
groups were defined and constructed in the hieyaratiuding goal, factors, criteria, subcriteriadaalternatives. In
the hierarchy, evaluating sustainable manufactupedormance is set to be the goal. The next levekists of
three factors of environmental, economic, and $o8iathe third level, there are nine criteria ahigsion, resource
utilization, waste, quality, cost, delivery, flekity, employee, and supplier. The fourth level smmts of the
subcriteria that described each of criteria wittotal of 41 subcriteria. Finally, the alternatividmt the decision
maker needs to evaluate are presented at the bofttiee hierarchy consisting of the companies ta&sessed and
compared. The overall hierarchy is depicted in Féglias shown in Appendix 1.

3.2 Calculate the relative weight

Once the hierarchy has been constructed, the iapoetweight of the measures should be calculatedtHat
purpose, the Analytic Hierarchy Process (AHP) meéthogy was applied. AHP methodology was utilized to
determine the importance weights of sustainableufa@turing performance measures. A pairwise corspari
guestionnaire was then designed and mailed toethirtsenior managers from the automotive compamies i
Malaysia. Those managers were carefully selectsddan their experience in automotive industryotaltof 10
responses were received. The Consistency Ratio (@& used to check the consistency of the pairwise
comparisons for each expert. The CR values arghass0.1 which means it matches the consisterstylfet is not

yet consistent, the comparison has to be repeggid.a

Answers to each question were geometrically averdgdore calculating the importance weights. The @ scale
of Saaty was used to reflect the preferences gqrairaise comparison matrix then constructed. Thesistency test
was performed to all the combined pairwise comparimatrixes. The results show that the Consist&atio (CR)

values ranged from 0.0000 to 0.0328, which meaaisah the pairwise comparisons are consistentesine values
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are within the acceptable level recommended byySg08). It indicates that the experts have assigtheir
preferences consistently in determining the impunta weights of the measures to evaluate sustainable
manufacturing performance in automotive companiedle 3 presents a summary of the result of theoitapce
weights of the sustainable manufacturing perforreameasures. The importance weights show the impmeta
value of one measure over another measure. In ¢érfactors, economic is the most important factéthvan
importance value of 68.02%. Resource utilizatios.28%) is regarded to the highest important dinengo
environmental performance. With regard to econgmeidormance, quality is the most important dimensigth an
importance value of 50.06% over another. Employ&e02%) is considered much more important dimentian
suppliers to social performance.

Table 3. The importance weights of sustainable rfeaturing performance measures

Factors Weight Criteria Weight Subcriteria Weight
Environmental 0.1450 | Emission 0.2276 | Air emission 0.4323
Water pollutior 0.293¢
Land contamination 0.2738
Resource 0.4623 Energy utilizatiol 0.404¢
utilization Water utilization 0.1549
Fuel consumptic 0.299¢
Land use 0.140¢
Waste 0.3101 | Solid waste 0.2461
Hazardous was 0.406(
Waste water 0.3480
Economic 0.6802 Quality 0.5006 | Product reliabilit 0.119¢
Product durabilit 0.067
Conformance to specificatiof 0.2322
Customer complail 0.282¢
Scrap and rework 0.1582
Reject rat 0.140:
Cost 0.2365 Material cost 0.3653
Setup cost 0.1229
Overhead co 0.162:
Inventory cost 0.1165
Rework cos 0.107¢
Labor cost 0.1254
Delivery 0.1753 On time delivery 0.3587
Delivery lead tim 0.163(
Delivery speed 0.0921
Cycle time 0.083¢
Due date compliance 0.1664
Schedule attainme 0.135¢
Flexibility 0.0877 Volume flexibility 0.203¢
Product flexibility 0.0891
Process flexibilit 0.261:
Technology flexibility 0.2742
New product developme 0.171¢
Social 0.1748 Employee 0.7902 | Training and development 0.2760
Occupational health & safety 0.1916
Turnover rat 0.127:
Job satisfaction 0.2511
Community satisfactic 0.154(
Supplier 0.2098 Supplier certification 0.1393
Supplier commitment 0.6176
Supplier initiative 0.243:
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3.3 Rating the sustainable manufacturing performane measures

The next step in evaluating the sustainable matwiag performance is to rate the measures. Indhidy, a scale
range from 1 to 10 (where 1 = highly poor, 2 = nratkdy poor, 3 = lowly poor, 4 = lowly fair, 5 = merately fair,
6 = highly fair, 7 = lowly good, 8 = moderately gh® = highly poor, and 10 = excellent) was utiize assess
performance of each of the measures.

3.4 Computing the companies score
The next step is to compute the company score.vehees generated from the performance rating anebowed
with the corresponding importance weights of theasuees to obtain the company score. The compamg $€0
calculated for the overall score and as well asridividual score of each factor and each criteftze overall score
and individual score of each factor and each éoibeof companies are then classified into four perfance levels
based on the following rules:

If 1 < scoress 4 then performance level is poor,

If 4 < scorex 7 then performance level is fair,

If 7 < scoress 9 then performance level is good,

If scores > 9 then performance level is excellent.

3.5 Ranking the companies based on the score
The overall score and the individual score of facnod criteria of the companies evaluated are tamked in
descending order. The company with the highesiescan be considered as attaining best practice.

4. Case study result

The proposed model has been applied to a caseahative manufacturing company in Malaysia. Thedpigtion
managers were asked to evaluate their suppliegubi@ 1 to 10 scale on each of 41 sustainable raahuing
performance measures. The rating values are ussldolate the company score consisting of theallvecore and
the individual score of each factor and each daterThe overall score and individual score of efaadtor and each
criteria of the companies compared are presentediimal result. The results of four suppliers camga are shown
in Table 4. From the results, the company is ablenbw the performance level of their supplierstiogir strengths
and weaknesses.

Table 4. The scores of suppliers

Supplier-1 Supplier-2 Supplier-3 Supplier-4
Measures Score Level | Score Level Scorg Level Score  Level
Overall Score 7.184 | Good | 9.332 | Excellent| 7.793 Good 6.215 | Fair

Individual score of factors
Environmentall 5.926 Fair 8.280 Good 8.778 Goad %.50 Fair

Economic| 7.073 Good 9.479 Excellgnt 7.415 Goad .29 Fair
Social| 8.444 Good 9.47 Excellent 8.605 Gogd 7.06G00d
Individual score of criteria
Emission| 5.293 Fair 8.991 Good 8.707 Goad 3.269 rPpo
Resource utilization 6.442 Fair 7.845 Good 8.845 odso| 5.299 Fair
Waste| 5.752 Fair 8.351 Good 8.7%1 Goad 4.349 Hair

Quality | 6.758 Fair 9.430 Excellent 7.484 Good 6.412Fair
Cost| 7.592 Good 9.41% Excellent 7.288 Gogd 6.484 ir Ha

Delivery | 7.086 Good| 9.757 Excellent 7.522 Good 6.97 Fair
Flexibility | 7.319 Good | 9.537] Excellent 7.261 Good .58 Fair
Employee| 8.516 Good  9.59F Excellent 8.804 Good  (7.B3Good
Supplier| 8.165 Good| 9.011 Excellent 7.842 Goqd ®.07 Fair
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Those scores are then used to rank the sustainsnefacturing performance of each supplier relativethers.
The suppliers ranking for overall score and inditscore of factor are shown in Table 5. It carséen from the
table, supplier-2 is at the highest for the ovesalire with a total score of 9.332 and performaecel of excellent.

Table 5. Ranking of overall score and individualtéa score of companies

Score Supplier Name Score Performance Level Ranking

Overall score | Supplier-2 9.332 Excellent 1
Supplier-3 7.793 Good 2
Supplier-1 7.184 Good 3
Supplier-4 6.215 Fair 4

Individual score of factor

Environmental| Supplier-3 8.778 Good 1
Supplier-2 8.280 Good 2
Supplier-1 5.926 Fair 3
Supplier-4 4.505 Fair 4

Economic Supplier-2 9.479 Excellent 1
Supplier-3 7.415 Good 2
Supplier-1 7.073 Good 3
Supplier-4 6.292 Fair 4

Social Supplier-2 9.470 Excellent 1
Supplier-3 8.605 Good 2
Supplier-1 8.444 Good 3
Supplier-4 7.064 Good 4

The ranking and performance level of companiesiobthare quite varied. It can be seen that supflibas
attained the highest score on factors of economitsacial, but at the second rank of environmefatetor with a
score of 8.280 and performance level of good. Biperéink for environmental factor is company-3 vatlscore of
8.778 and performance level of good. It can be $®en the results that the company with the higlwestrall score
might be not the best in all the factors. In ordemake a quality decision making, these thingsinede viewed in
detail to prioritize the company’'s performance en when evaluating sustainable manufacturingoperénce
level.

5. Conclusions

This paper has presented the development of an Bd$Rd model for sustainable manufacturing perfocman
evaluation in automotive companies. The tool wawelbped using Analytic Hierarchy Process (AHP)

methodology. The hierarchy structure was estalishased on the proposed key measures of sustainable

manufacturing performance evaluation for automotieenpanies. Then, the importance weights of thesorea
were assigned by pairwise comparisons and calculsing AHP methodology. Values of the measures \aso
rated using a scale of 1 (highly poor) to 10 (elecg). The company’s score was computed to assestaigable
manufacturing performance against the measureallfithe companies rank was determined basedeingbores.

The model enables and assists companies to knowratetstand their existing performance level otir tsiteengths
and weaknesses. It provides suggestions and dinsctor companies to take appropriate actions praving their
sustainable manufacturing performance. The modisl @@mpanies in achieving the higher performancesanas
increasing the competitiveness. While the propossablel provides a systematic approach for sustagnabl
manufacturing performance evaluation, it is notreht automated. Future work will further developsaftware-
based tool of sustainable manufacturing performaweduation for automotive companies.
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Appendix 1

Goal [ Evaluating Sustainable Manufacturing Performance fo Automotive Companies ]
Factors [ Environmental ] [ Economic ] [ Social ]
A X 1\ N\ 1\ 1\ 1\ 1\ 1\ 1\ 4
Criteria Emission Resource [ Waste [ Quality [ Cost [ Delivery [ Flexibility [ Employee Supplier ]
) utilization y, J J J J J U
_
Subcriteria Air ) Energy Solid waste\ [Product ) (Material ) [On time ) (Volume R [Training and\ Supplier
emission utilization Hazardous reliability cost delivery flexibility development certification
Water Water waste Product Setup cost Delivery Product Occupational Supplier
pollution utilization Waste durability Overhead lead time flexibility health & commitment
Land Fuel water Conform to cost Delivery Process safety Supplier
contaminati utilization spec. Inventory speed flexibility Turnover rate initiative
on Land used Customer cost Cycle time Technology Job
/ J complaint Rework Due date flexibility satisfaction
Scrap and cost compliance New product Community
rework Labor cost Schedule development| | satisfaction
Reject rate \ / attainment \_ O\ _J

— —

Alternatives . o
---(each company below is connected to every criterion)---

[ Company-1 ] [ Company-2 ] [ Company-3 ] Company-k

Figure 1. The hierarchy structure of sustainablaufecturing performance evaluation for automotieenpanies




