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Abstract

Nowadays, numerous processes of any supply chairdane by suppliers and
consequently they cause a massive amount of polluttleased to the nature.
Hence, greening the suppliers has become a neces#titough most of green
supplier development programs need high investnfiemmal optimization models
that address this issue are very rare. This papéryraims to address this problem
by introducing a two-stage mathematical model wtiah help managers allocate
optimal investment in their suppliers. In the fitage, suitable green supplier
development programs are selected. Then, a myttibe optimization model is
presented for investing in an appropriate set @egrprograms, concurrently.
Moreover, the conceptual framework presented i plaiper provides managerial
insight in every step of this process. Also, a caehpnsive analysis is done under
two scenarios of budget estimation and it has Heend that these programs
highly influence their required investment, andréfiere, they must be considered,
simultaneously.

Keywords.Green supply chain management; green supplier oewent
programs; non-linear multi-objective optimizatioode!.

1- Introduction

Environmentally-friendly programs have receivedesmormous attention during the past decades and
companies have been trying to improve their suppbin environmental performance (Chiou and Chan,
2011). Suppliers are considered as one of the imp&trtant members in supply chains. In order t@ai@e
a green supply chain, it is necessary to improvb boppliers and producers’ environmental perfortean
Many suppliers are not able to focus on their emrnental problems due to their limited budget;
therefore, they need help from the manufacturefiiiaet al., 2010, Mani et al. 2015). Green suepli
development is one of the best methods in whichbtingng firm aims to help suppliers improve their

*corresponding author
ISSN: 1735-8272, Copyright ¢ 2017 JISE. All righgserved

69



environmental performance (Hickle, 2013). Howewgneen supplier development is a relatively new
approach and mathematical decision models in this are limited (Bai and Sarkis, 2010).

Implementing a supplier development process, eajyethe green one, needs managerial support as
well as accurate budget allocation due to the dichliudget of companies (Talluri et al., 2010). Thiis
crucial for managers to access to decision modetsvéry step of this process. It is noteworthy thate
is no concise definition for a green supplier ie therature. Firms consider specific suppliersgyeeen
ones based on regulations as well as their ownsnaed expectations. Nevertheless, environmental
criteria used for green supplier selection and wat@n include pollution control, existence of
environmental management systems, fusil fuel, rabévenergy consumption and eco-design (Kannan et
al., 2015). These criteria and also firms' expémtat can be inferred as a base to define greenlisupp
development programs that refers to programs wihielp suppliers improve their environmental
performance (Bai and Sarkis, 2010). Obviously, éhexr a wide range of environmentally-friendly
programs each of which tends to improve particalspects of suppliers' environmental performance.
Investing in all green supplier development proggd@SDPSs) is practically impossible due to compsinie
various environmental needs and their limited budgbke aforementioned facts imply that selecting an
appropriate set of GSDPs is a key factor towargdementing a successful green supplier development
process. It is important to point out that selecsegplier development programs must align with the
buying firm's strategies (Krause and Ellram, 198¥)satisfy its goals and create a win-win situation
which applies in the content of GSDPs as well. i tend, investment decisions must be made
considering advantages and disadvantages of GSDBianeously.

Many researchers have addressed programs andcprgdt reduce environmental burden. For
example, closed-loop strategies like repair, reusdurbishment, remanufacturing, recycling were
considered (Ettehadieh, 2011; Saavedra and Barg0#8; Kerr and Ryan, 2001; Hatcher et al., 2011).
The role of advanced technologies (Hammar and keofgR010; Frondel et al., 2007) to reduce waste,
pollution and consumption of natural resources andrgies is also another core area of study in the
literature (Makarieva et al., 2008; Ackermann et B999; Sims et al., 2003; Gerlagh and Zwaan, R006
Other types of studies mainly include classificataf GSDPs and development of decision models for
selecting GSDPs (Bai and Sarkis, 2010; Dou and 2043; Fu et al., 2012). Also, a wide range of
studies have investigated green supplier seleetimhevaluation (Ho et al., 2010; Kannan et al.,5201
Moreover, investment in the content of supplieralegment process and the importance of this matter
has been studied (Talluri et al., 2010).

However, to the best of our knowledge, there atiended number of studies that addressed green
supplier development programs in terms of mathemltnodeling. In other words, the existing studies
have made managerial implications and explorecdbuarattainable benefits of GSDPs, and the optimal
investment allocation is unexplored yet. Besidesmpganies tend to consider a wide range of
environmental and operational criteria while impngvtheir supply chain performance. Therefore, not
only investment issues must be considered towargsaatical implementation of GSDPs, but also
different needs of both suppliers and manufactasawell as the suitable set of GSDPs to overcowie th
environmental needs must be considered, simultaheafiso, this paper highlights the importance of
budget allocation in the context of green supmlierelopment process.

The remainder of this paper is organized as follolWse next section reviews literature in the arta o
green supplier development. Section 3 presentsepbnal framework of the model. In section 4, GSDPs
are selected using Analytic Hierarchy Process (AldR) a novel multi-objective model for optimal
investment in GSDPs is presented. In sections%ama: provide results and discuss the obtainedtsesu
respectively. Then, in the last section, conclusind opportunities for future studies are presented

2- Literature Review

Conceptual models presented in the literature Isaveied strategic process of supplier development
(Kraue and Ellram, 1997; Krause and Handfield, 1988, decision models for green supplier
development are rare (Bai and Sarkis, 2010; Dou dAmdg, 2013; Fu et al., 2012). Akman (2014)
evaluated suppliers in an automobile manufactucimgpany via green criteria to include GSDPs. First,
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suppliers were selected via operational criteréduiaing delivery, cost, service and quality andtrteey
were clustered with fuzzy C-means method. Akmam ttlastered the best cluster of suppliers in three
main categories: good, medium and poor performedssappliers in poor environmental condition were
evaluated. Several studies have explored variowiroementally-friendly programs which can help
companies reduce their environmental burden (Dali Amu, 2013; Fu et al.,, 2012). However, it is
necessary to select a proper set of GSDPs to maupanies' green goals. Dou and Zhu (2013) proposed
a model to evaluate green supplier development ramg with respect to supplier involvement
propensity.

Tablel. Types of GSDPs and their advantages

Type of GSDP Description Advantage Reference
Green technology Clean technologyeduces pollution Pollution reduction Hammar and Lofgren(2010)
production and/or waste production \yaste reduction Frondel et al. (2007)

End-of-pipe solution (EOP):preventsReduction in use of natural

pollution release to the environment.q, rces

(e.g. coolers and filters)

End-of-life strategies  Recycling Cost reduction of disposal Jofre and Morioka (2005)
Remanufacturing Preservation of natural Kim et al. (2006)
Re-use resources Kerr and Ryan (2011)
Servicing Pollution reduction Sutherland et al. (2008)
Disposal Energy saving Ameli et al. (2016)
Renewable energies Solar Reduction of greenhouseSims et al. (2003)
Wind gas emissions
Biomass Reduction in use of natural
) resources
Hydro-electric
Green raw material Non-toxic and renewable raRreservation of natural Noci (1997)

material which can be either partiallyresources

or totally green Reduction in ecosystem

damages

Reduction in emissions

through disposal processes

Green R&D Reducing environmental burden bReduction of end-of-life Cao and Yao (2013)
changing product design and materiadamages

Reduction of Production

processes

They considered pollution control, pollution pretien, environmental management system, and
resource consumption and pollution production g@pker environmental performance factors. They have
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found that supplier involvement propensity must dmnsidered to implement successful supplier
development programs. Fu et al. (2012) introducedamagerial approach to evaluate green supplier
development programs at a telecommunication systeragider. The focus of their study was on
interrelationship between GSDPs and their imposdnc the company. This model can be used to help
managers prioritize GSDPs. Sarkis et al. (2010¢gmized green supplier development programs in
three main groups: 1-green knowledge transfer andmunication, 2- investment and resource transfer,
and 3- management and organizational practicesy fiage used rough set theory on a data sample and
studied how green development programs influencginbas performance as well as environmental
performance. In real situation, many practices gleeed in these three groups. However, it is not
reasonable for an enterprise to invest in all mogr that may adopt. According to the company'ssgoal
policies and expectation, suppliers' needs as age#lvailable budget, proper programs must be select
Several environmentally-friendly programs have bdeweloped to protect the environment through the
past decades; such as utilizing green technolagyglean technology and end-of-pipe solutions (kam
and Lofgren, 201; Frondel et al., 2007); using veadde energies (Makarieva et al., 2008; Ackermann e
al., 1999; Sims et al.,, 2003; Gerlagh and Zwaam620end-of-life strategies, e.g. remanufacturing,
recycling, refurbishment and reuse (Jofre and M@i®005; Ettehadieh, 2011; Saavedra and Barquet,
2013; Kerr and Ryan, 2001; Hatcher et al., 201deg R&D (Cao and Yao, 2013) and using green raw
material (Noci, 1997; Awasthi et al., 2010).
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Table 2. Review of the most related studies

Writer Subject Green Supplier Mathematical Environmental Operational
Supplier Development Model for Criteria Criteria
Development Investment

Dou and Evaluating green supplier v/ - - v v

Zhu development  programs

(2013) with a grey-analytical

network process-based

methodology
Fu et al., Evaluating green supplier v - - v v
(2012) development programs at

a telecommunications

systems provider

Bai and Green supplier v - - v 4
Sarkis, development:  analytical

(2010) evaluation using rough set

theory

Talluri et Manufacturer cooperation - v 4 - 4
al., in supplier development

(2010) under risk

Kannan et Multi-criteria decision - - - v v
al., making approaches for

(2015) green supplier evaluation

and selection: a literature

review

Akman, Evaluating suppliers to v - - v v
(2014) include green supplier

development programs via

fuzzy C-means and

VIKOR methods

The A novel two-stage v - v v v
proposed mathematical model for
model green supplier

development

Aforementioned programs are briefly describedtatle 1. Companies need to prioritize their
environmental needs and goals to invest optimally dppropriate GSDPs. Besides, all the
environmentally-friendly programs are not suitaflolegreen supplier development process becaudeeof t
nature of the problem. However, all environmentéligndly programs are not totally green; they have
specific advantages and disadvantages (Ettehatdh). Given various kinds of GSDPs and companies’
environmental criteria as well as business critéria crucial for managers to make an informedisien
to obtain desired results. The way that GSDPs mp@yyamprovements to green goals is also described
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in this section. Several green development progfzeme been proposed in the literature (Bai andi§ark
2010; Frondel et al., 2007; Jofre and Morioka, 200&karieva et al., 2008; Cao and Yao, 2013).

In this paper, nine programs have been identifiegraper GSDPs through a comprehensive review of
the literature and in-depth interview with the nges of a leading Iranian automotive company, which
are briefly outlined in table 1.A concise reviewthe most related studies and their main features a
illustrated in table 2.

3- Conceptual Framework

Schematic presentation of green supplier developpreaess is shown in figure 1. As can be seen, the
strategic process of green supplier developmenintamaes with the support of top-level managers. In
the next step, suppliers are selected accordiegtonmental and operational criteria. In realaions,
it is more likely that both categories of critedaee considered. The main reason to implement green
supplier development process for a company is &xrheits desired environmental goals. Hence,
comparing the current and desired environmentdbpaance of suppliers is essential. By that meties,
capacity, environmental requirements and oppoigsitfor suppliers to implement GSDPs are
determined. As previously mentioned, each GSDP apgjy certain improvements. Hence, to enhance
particular green goals, supplier's needs and chexiatics of GSDPs must be measured simultaneously;
and as a result, a proper set of GSDPs are selekittel is used in this study for selection of GSDPs.
More details are given in subsection 4.1. In thetmportant level of this process, the optimal etany
amount is allocated in each GSDP in each suppigéethe mathematical model. After budget allocation,
GSDPs are implemented and in the last level, enmiental performance of suppliers must be evaluated
to measure the effectiveness of the GSDPs as wédl specify suppliers’ future needs.

3-1- Methodology and M odel

In this section, first proper GSDPs are selectechbans of AHP. The criteria used and the resuéts ar
given in subsection 4.1. Afterwards, a novel mathigral model is presented for investment in the
selected GSDPs according to six environmental tibdunctions. Mechanism of the model and
objective functions are described in subsection 4.2

3-1-1- Selection of GSDPs

There are several environmental criteria to bengiptd in selection of GSDPs and obviously it is
impractical to focus on all of them. First, an agpiate set of green criteria is specified to se(@8DPs.
Next, proper GSDPs are selected regarding to timgiact on the green criteria. This is considerea as
multi-criteria decision making (MCDM) problem due the different criteria that are selected by
companies. MCDM approaches are widely studied énliterature. Ho et al., (2010) examined MCDM
approaches used in supply chain management bet2@h and 2008. Their research was focused on
selection and evaluation of suppliers in orderdduce the number of them to cooperate with reliable
ones. According to their results, AHP and its camabibn with other approaches is one the most popula
and common approaches among MCDM methods in sugbliyn management.

As mentioned above, many environmental criteriachbgen studied in selection and evaluation of
green suppliers (Noci, 1997; Kannan et al., 201%uland Zhu, 2013). In this study, after a
comprehensive interview with managers of the autora@ompany about their priorities, budget, green
policies and the most environmental problems oirtkey suppliers, four green criteria are selecsd
pollution reduction, waste reduction, life-cyclest@eduction and reduction in consumption of natura
resources.

As stated before, AHP is adopted to select prof@&Ds in this paper. The first stage of this apgroac
is to design hierarchical structure of the decigiooblem which is divided into three levels. At tirst
level, the objective of the decision making problenspecified. At the second level, evaluationecié
are located and finally, alternatives are placeth@nlast level. AHP approach works based on p&ew
comparisons which aid to show relative importanteaxch criterion. Next, relative importance of the
alternatives is calculated with respect to theegat
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Decision making to start green supp}‘
-

development process

A 4

Criteria:
Environmental
Operational

Supplier Selection

GSDPs such as:
Clean technology
A A 4
Renewable energies
Green R&D
Green raw material
End-of-life Strategies

Comparison of current and desired
environmental situation of suppliers

A 4 v
Measuring the effectiveness of GSDPs Determination of opportunities and
to enhance environmental goals capacities to perform GSDPs
A 4
GSDPs Selection
(AHP)
A 4

Budget allocation in GSDPs for each
supplier
(Mathe matical Optimization Model)

Evaluating suppliers’ environmental
Implementing GSDPs P performance and determining their
future needs

Figure 1. Conceptual framework for green supplier developmen

Consequently, alternatives are prioritized basedhair gained weight. For more details please read
(Saaty, 1980).

Table 3. Relative importance of green criteria

Green Criteria Weight
Pollution reduction 0.626
Life-cycle cost reduction 0.2482

Reduction in consumption of natural0.0884
resources
Waste reduction 0.0366
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A questionnaire was designed based on AHP apprfoache stated criteria and GSDPs and was sent
to the managers of the automotive company. Theltsesaf pair-wise comparisons of chosen
environmental criteria are summarized in table Bwétspect to notions of managers.

Table 4. Comparison of GSDPs

GSDPs Preference degree
Clean technology 0.3692
Remanufacturing 0.1392
Renewable energy 0.1341

Green raw material 0.1295

Green R&D 0.1127

Recycling 0.0837
Refurbishment 0.0157

Reuse 0.0155

Next, GSDPs are ranked with respect to weighthe criteria. Results gained from the compariebn
GSDPs are shown in table 4.According to the regilten in table 4 and after an interview with the
managers regarding to their budget limits, desigedditions to implement GSDPs and considering
possible disadvantages of GSDPs versus their hgnefean technology, remanufacturing, renewable
energy, green raw material and green R&D are salect

3-1-2- Mathematical M odel

The proposed model aims to optimize monetary imrest in the GSDPs for key suppliers. The model
inputs include suppliers' environmental requireraeas well as GSDPs' specifications. In this model,
optimal investment is calculated according to thaywhat GSDPs help suppliers satisfy their
environmental objectives as well as their existiagacity of implemented GSDPs. As mentioned above,
all the green objectives cannot be satisfied givéndimited budget and due to suppliers’ different
capabilities, it is necessary to select and piarigreen goals. Implementing GSDPs may accomplish
various environmental goals. Therefore, the mogetanount that manufacturer invests in a GSDP
depends on the amount invested in other GSDPslaasvhe priority of environmental goals.

Table 5. Notations for the mathematical model

Indices Description

Green supplier development program index:
r: Remanufacturing
RE: Using renewable energy resources
W GRD: Green R&D
CT: Utilizing clean technology

GM: Using green raw material

Supplier index
Product index

Raw material index

x r <«

Part index
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(Continued

Parameters
n The number of suppliers
m The number of products
K The number of parts
GD}** The maximum achievable green degree of progdsapplied by suppliar
XIe The annual returned prodyctupplied by suppliar
D].Total The annual demand of prodyct
MU;, The amount of raw materibused in unit produgt
DPartjy The number of paik used in unit produgt
c The cost of unit raw material
ceM The cost of unit green raw material
cra The unit cost of green R&D effort to increase grigen degree of produicsupplied
Y by supplieri
Qix The rate of reusable p&tdisassembled by supplier
CBCS-“ The unit cost of disassembling prodjstipplied by supplier
CBCi’;ff The unit cost of refurbishing disassembled gdny supplieri
CBCRE The unit cost of consuming energy from renewabdeueces
CBC§T The cost of utilizing clean technology to supplytymoductj by supplien
CGD;j The green degree of prodyctupplied by suppliar
Cag:NT The non-clean production capacity of supplifar manufacturing produgt
CCagija The capacity of supplierfor disassembly of produgt
CCal.r,ff The capacity of supplierfor refurbishing of park
CCakE The capacity of supplierfor using energy supplied from renewable resources
CCaiC].T The capacity of suppliérin manufacturing produgtwith clean technology
CGMU;; The amount of green raw materialsed in unit produgtby supplieri
ECnCT The energy consumption of unit prodycmanufactured by suppliérwith clean
Y technology
EC[}'NT The energy consumption of producmanufactured by supplier with non-clean
technology
ECj The energy consumption of unit prodiicemanufactured by supplier
- The amount of CO2 emission resulting per kWh ofteleity generated by fossil fuel
' resources used by supplier
EMFE The amount of CO2 emission resulting per kWh ofteleity generated by renewable
’ energy resources used by supglier
Wstf]-T The amount of waste generated in while manufadjutinit productj using clean
technology by supplier
Wst{*]’-T The amount of waste generated in while manufaaguwrimt producj using non-clean

technology by supplier
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(Continued

C oRedeD

CoRedf™

C oRed;-ilSp
env,M
Cl
env,RD
G

env,disp
G

The amount of reduction in environmental costs l&ls) by increasing unit green
degree to produgt

The amount of reduction in environmental costs l&ls) by using unit green raw
materiall

The amount of reduction in environmental costsléis) by preventing from disposal
of unit producf

The environmental cost of using unit raw matdrial
The environmental cost of non-environmentally fdisndesign of produgt

The environmental cost of disposal of unit product

Decision variables

Description

len‘,CT
Xy
19 Xn,NT

ij

r

da

n,CT,Coal
EC];

n,NT,Coal
EC];

r,Coal
EC];

n,CT,RE
EC];

n,NT,RE
EC]

7,RE
EC];

GD,:]'

GMU;j;
CakE

Inv;

utilizing clean technology

The number of produgtsupplied by Supp“er{utilizing non — clean technology

The number of produgtremanufactured by supplier
The number of product j disassembled by supplier

The amount of energy consumption of manufactudnig product with fossil fuel
resources

The amount of energy consumption to manufactareproductj utilizing non-clean
technology and using fossil fuel resources by Bapp

The amount of energy consumption to remanufaaiaieproductj using fossil fuel
resources by suppliér

The amount of energy consumption to manufacturé praduct j utilizing clean
technology and using renewable energy resourcesifyylieri

The amount of energy consumption to manufacture pmoduct j utilizing non-clean
technology and using renewable energy resourcesifyylieri

The amount of energy consumption to remanufactarepoduct j using renewable
energy resources by supplier

The green degree of productupplied by suppliar

The amount of green raw matetialsed in unit produgtsupplied by supplier

The annual capacity of supplierin using electricity generated by renewable
resources

The amount manufacturer invests in supplien GSDPwv
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Notations for the proposed model are summarizethlate 5.Implementation of GSDPs may need
different requirements. For the sake of simplidihg following assumptions are considered:
1- Every raw material has a green alternative.
2- Using green raw material or increasing greenreegf a product/part does not affect required
technologies and/or processes.
3- All parts of a remanufactured product consigteaisable disassembled parts.
4- Every green R&D effort increases unit green degf the product at the current development period
5- Every environmental capability of each suppkautilized.
6- Annual demand is satisfied by new as well asararfactured products (i.e. there is no difference
between new and remanufactured products to cussdmer
Formulation of model is given next. First, we pawithe objective functions.

f1 mmZ 12 (ECnCTcoalXTl-’CT+ EC-n-'NT'Coaan-'NT+ ECrCoaer (1)

t t t tJ

fz = min 2?21 Zr'r;l(EMicoalECin_,CT,coal + EMiREECin-'CT'RE)Xn ,CT + (EMicoalECir},NT,coal +

EMiREECir},NT,RE)Xn NT + (EM coalECr coal + EM REECr RE)Xirj (2)
f3 = min ¥, X7 (G — CoRed§RPGD;;) (3)
fo =min ¥, S Yo, MU, (™M — CoRedfMGMU ) 4)
fs = min XL, S, VPRI — CoRed ™ P XT, (5)
fo =minY*, Z;’;l WstiCjTXle'CT + Wstf\]'-TX?j'NT (6)

The objective functions are subject to the follogvoonstrains

Ywaie, Invy, < B,Vi (7)
Inv;, = Y7L, (xfe-ccal®yeBels + XLy Xioq lpPart~ccayy caeld) , Vi (8)
Inv; g = (caRE-ccalF)cBcRE vi (9)
Inv; grp = X%, CI(GDy; — CGDy;), Vi (10)
Inv; gy = Lt Xt 1((c = C/)GMUy;,), Vi (11)
Inv; op = Z] 1(Xn CT _ nCT)CBCn T vi (12)
GMU;;; < MUy, Vi, j,1 (13)
X5 < Xietvi (14)
YR_X];Dpart;, < YX_, quX{* Dpart, Vi, j (15)
xpN < CayT v, ) (16)

?=1X{. + X[ = Dt vj (17)

Z] 1(ECnCTRE nCT+EC-n-'NT'REXTL-'NT+ECrREXr

ij ij ij lj'Vi) (18)
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ECZ;LCTRE+ ECnCTcoal — ECZ;L-'CT,VL',]' (19)

ECl‘rleTRE + ECnNTcoal ECnNT, ] (20)
ECI™ + EC% = EC],vi,j (21)
X = x0T+ x0T v, (22)
GD;j < GD[}**,Vi,j (23)
Xsa'erpX{;’Xn ,CT X?j,NT’ECir},RE' ECirj,RE' ECir]L_,coal’ ECT ,coal GMUUI' GDU ,Invy,, CafE

0,vi,jlLw (24)

Objective functions are described as follows. Ofbjecfunction (1) is to minimize the use of fossil
fuels which results in pollution prevention as wadl reduction in the use of natural resources. citage
function (2) is defined to minimize environmentallption. Objective function (3) aims to minimizeet
environmental burden of non-green products. Objectunction (4) minimizes environmental burden
caused by using non-green raw material. Objectinetfon (5) tries to minimize end-of-life damagds o
the products. Obijective function (6) is to minimiaaste which is important due to energy saving,
pollution prevention, preservation of natural reses, etc.

There are complicated constraints when investindjfferent GSDPs, concurrently. Some of them are
program specific and the other ones are pertaitonipterrelationship between the GSDPs which are
described below. Expression (7) is the budget caimt Expressions (8)-(12) are the investment
constraints for remanufacturing, using renewabkrgnresources, using green raw material and iatijiz
clean technology, respectively. Expression (13yireg that the green raw material used in unit pcod
cannot exceed the total required raw material iih product. Expression (14) shows that the amodint o
disassembled product cannot exceed the amounttwhesl product. Expression (15) ensures that the
number of parts used in remanufactured productaataexceed the number of reusable disassembled
parts. Expression (16) guarantees that the quaafityroduct j produced by non-clean technologies
cannot exceed its capacity. Expression (17) reptedbat the annual demand is satisfied by both new
and remanufactured products. Expression (18) atlesilthe annual amount of renewable energy
consumption of suppliers. Expressions (19)-(21) mat® energy consumption of new product utilizing
clean technology, non-clean technology and rematwrded product, respectively. Expression (22) shows
that new products may be produced with clean amiorclean technology. Expression (23) restriots th
maximum achievable green degree of products. Esjmmeg24) guarantees non-negativity of decision
variables.

4- Results

Providing experimental results, we will show howe throposed model works. It is important to
estimate the model parameters properly to read@btelresults. Required monetary investment in GSDP
is directly related to in what manner they aidmproving environmental goals. A small set of partarse
related to the characteristics of suppliers aré deda given from the automotive company. Other
parameters are tuned to keep their logical intaticiship according to the literature. For examgle,
research on remanufacturing in Xerox Company hawstithat remanufactured products with eco-design
can reduce energy consumption up to 68%and constguepollution production would be
decreased(Kerr and Ryan, 2011).We assume thatyewarg be saved and waste can be reduced by
utilizing clean technology. It is obvious that theduction amount in energy consumption, waste
production and pollution production is related tarm factors such as product type and technologg,use
etc. Many researchers have studied renewable emesgurces and their environmental advantages. For
example, it has been found that providing 1KW/hrgnéby burning coal produces almost 0.25 Kg of
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CO, which can be avoided by using renewable energiek as solar energy (Sims et al., 2003). Above
mentioned facts has been considered to estimatelmpadameters. We assume that there are four types
of products and four key suppliers each of whigbpdies one type of product.

Table 6. The annual demand of products

Product type 1 2 3 4
Annual demand 10000 5000 10000 80000

Table 7. The amount of used and returned products

Product type 1 2 3 4

Returned product 2000 2000 35000 2500

Table 8. The number of part requirements in unit product

Part type 1 2 3 4 5
Product type

1 2 0 1 0 O
2 5 0 0 0 O
3 0 0 0 1 0
4 0 1 3 0 1

Table 9. The rate of waste according to technology type
Supplier 1 2 3 4
Waste (%)

Waste (non-clean tech) 0.15 018 0.2 0.15

Waste (clean tech) 0.1 0.1 0.15 0.09

Table 10. The amount of required raw material (50 grams)riit product

Raw material type 1 2 3 4 5
Product type

1 4 0 4
2 5 0 5
3 20 0 O 20 O
4 8 3 6 8 3
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Table 11. The amount of energy consumption according torteldgy type and remanufacturing

Product 1 2 3 4
Energy consumption (KW/h)

Manufacturing unit product by existing technology 7 8 10 15
Manufacturing unit product by clean technology 585 85 4
Remanufacturing 42 6 8 3.5

Table12. Green R&D data

Supplier 1 2 3 4

Cost ($)

R&D effort level 500 550 600 700
Environmental cost of non-green product 20 35 30 40

Cost reduction caused by increasing unit greenedegrproduct 0.2 035 03 04

Table 13. Environmental costs associated with product enlifophase

Product 1 2 3 4
Cost ($)
Environmental cost of product end-of-life phase 1 15 1 2

The amount of reduction in environmental costslélpby remanufacturing unit product 0.7 0.95 0.75.2

Table 14. Costs associated with raw material.

Raw material 1 2 3
Cost ($)

Unit non-green raw material 2 15 25
Unit green raw material 3 2 35
Environmental cost of unit non-green raw material 5 10 3

The amount of reduction in environmental costslé@lpby using unit green raw material| 3.5 10 2

The suppliers' data are shown in tables 6-14. Taldhows the annual demand of products. Table 7
presents the amount of used products that arectedleand returned to the manufacturer at the curren
development period. Table 8 shows bill of matefaal the products. Table 9 indicates waste rate of
products according to the technology type whicleitber clean technology or non-clean technology.
Table 10 specifies the amount of required raw netés0 grams) in unit product. Table 11 illustsatee
amount of energy consumption according to technologe and whether it is manufactured or
remanufactured. Table 12 presents data relatedeengR&D program. For the sake of simplicity, it is
assumed that the maximum achievable level of gesnior all products is 100%; that means it is
possible to reach a completely green product bfopaimg required green R&D efforts. Table 13 depict
environmental costs associated with product enifefphase i.e., costs related to the environmental
damages occur because of leaving used productseimature, and also the amount of possible cost
reduction by implementing end-of-life strategies,naentioned in section 4, remanufacturing is setect
among the end-of-life strategies in this case. &dbt illustrates costs associated with types of raw
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material (green or non-green) as well as environat@osts for using different types of raw materibis

a hard task to estimate the cost of environmenieddns occurred due to product design and used raw
material precisely. In order to describe the rdleG&DPs in the model it is assumed that there is a
possibility to compensate environmental damagesptetely by implementing the GSDPs. For example,
using unit green raw material type 1 can reducéenmental cost of using non-green raw materid.f
dollars. If the environmental cost of using greaw material type 1 is assumed to be 5 dollars,kinid

of raw material is not totally environmentally-fnidly. Raw material type 2 is assumed to be green
completely. Every possible condition is considerethis case with above mentioned assumptions. Note
that there is no existing capacity of suppliersifioplementing any kind of GSDPs.

The proposed model is a multi-objective mixed-ietegon-linear programming that is a complex
model to solve. As a limited number of supplierd &SDPs are used as inputs of the model, the number
of decision variables reduces and the model coellsidived by exact method using GAMS software. This
model is solved via goal programming technique thica powerful and effective methodology for the
modeling and solving the multi-objective problengn{zio and Romero, 2003).

According tothe objectives of the lIranian autometicompany, the goals are set to be 20%
improvement from the existing environmental sitoltiof the suppliers, e.g. 20% improvement from
existing amount of pollution production for eachpplier. Another important factor to be set is total
required budget for supplier development progrdhis.necessary to estimate company's budget gsoper
to implement development plans, successfully. s thsearch in order to provide better insight, the
model is solved and sensitivity analyses are dondewm two scenarios of budget estimation:
underestimated budget and overestimated budgegalrsituations, companies do not always afforeigre
investments according to the standards, regulatiodgheir environmental need. Moreover, it isclear
how much benefit they can achieve from investingliffierent green programs, concurrently; thus, in
many cases budget is under-estimated. Let's asgshiate 500000 dollars is required to reach the
mentioned goals; underestimated budget is set 8B800 dollars and overestimated budget is skéto

750000 dollars.

Table 15. Monetary amount ($) invested in GSDPs for ovenestied budget

GSDP R GM RE CT GRD Total
Supplier

1 7485.714 17240.81 29857.14 85714.28 10000 1593297.
2 8526.31 9984.96 31611.84 16578.94 11000 77702.06
3 12413.33 18133.33 58666.66 85333.33 14000 1868646.
4 11250 6306.66 24166.66 38333.33 12000 92056.66

Table 16. Monetary amount ($) invested in GSDPs for undareged budget

GSDP R GM RE CT GRD Total
Supplier

1 7485.71 0 57649.29 11601.88 10000 86736.89
2 8526.31 0 31611.84 16578.95 11000 67717.11
3 12413.33 0 84288.26 17009.08 14000 127710.7
4 11250 0 30138.22 1444711 12000 67835.33
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The model is solved and results are presentedblagd 5-16.As can be seen, optimal investments in
GSDPs change enormously with respect to budgehatitin. When the budget is over-estimated there is
no barrier to reach the green goals; thereforere¢haired budget is allocated in the GSDPs. However
when the budget is underestimated the impact of %Sih improvement of the green goals is a key issue
in budget allocation. As mentioned before, some B$SDnfluence objectives simultaneously, e.g.
remanufacturing reduces energy consumption, potiuproduction, and raw material usage and end-of-
life environmental burdens. It is obvious that spebgrams can help reach the goals as much asfossi
when the budget is not enough to obtain all thembjectives. Thus, the model allocates more money
these programs compared to the others.

5- Discussion

Strategic process of supplier development is direetated to suppliers’ existing capacity to penfo
green development programs. It is obvious that stipplier has proper condition to implement certain
GSDPs needs less investment in that area to acliiestain goals. This situation is addressed by
sensitivity analyses on suppliers’ existing greapacities. Note that the suppliers’ green capacitie
include existing capacity of suppliers to do théected GSDPs. Sensitivity analyses done based on
existing green capacities of suppliers include fivegor parts as follows: suppliers’ existing capaof 1-
disassembly site which represents capacity of refiaaturing in this study, 2-using renewable enexgie
3-utilizing clean technologies, 4-using green raatemnal and 5- existing green degree of the praduct
which denotes supplier's green R&D capabilitiese Thumber of used and returned products to the
suppliers is another key factor to analyze the psed model. These products are referred as goods
supplied in the past which has reached their efideofphase in the current development period.
Investment in end-of-life strategies, as previousbntioned remanufacturing is chosen among enifeof |
strategies in this case, is dependent on the almevdioned products. In this section, green capeecif
one of the suppliers, supplier 1, are analyzedderto show how existing capacities of suppligfect
optimized investments in other GSDPs as well aal iotvestment in suppliers for over-estimated and
under-estimated budget. For the sake of simpliaitgl to prevent repeating the gained results, we wil
show results of analyses on capacity for one ofGISDPs namely remanufacturing. According to the
definition of remanufacturing (Kim et al., 2006),starts with collecting used products from custmne
Other stages include disassembly, refurbishmentaaadmbly. In remanufacturing process, all paris of
used product are disassembled. Reusable partdeareed, refurbished and repaired if necessary.,Next
they are assembled to remanufacture a product.ifReqguarts of a remanufactured product may be given
from usable disassembled parts or/and new parta-rBlgsable parts are considered as waste. Thus,
existing capacity of suppliers for remanufacturicmnsists of two main parts: the first part includes
capacity of disassembly site and the second peltdas capacity of refurbishment and assembly sites
which are dependent to the first part. If a suppl@nanufactures products, first, disassemblesrretu
products then investigates parts and selects rdilevames, then finally refurbishes and re-assembles
reusable parts. For the sake of simplicity, sengitanalyses on remanufacturing capacities of Bergp
are done only based on the capacity of disassesitklyBased on the suppliers’ data presented isec
5, no supplier is able to remanufacture its proslicdevelopment period. Maximum number of used and
returned products to supplierl is set to be 20G6.umhe following diagrams show how capacity of
disassembly for a supplier changes optimized imvest in other GSDPs under over-estimated and
under-estimated budgets. As can be seen in figuweh@n the capacity of remanufacturing facilities f
supplier 1 increases, the required investment mmareufacturing facilities decreases; which happens t
achieve certain green goals. The monetary amouadeatk for the GSDPs on other suppliers remain
constant due to over-estimated budget. That medthstiae over-estimated budget all green goals are
achievable. According to figures 2-6, this mattetrue for all the GSDPs of supplierl. Figure 3iatks
that varying the capacity of remanufacturing faieii for supplierl from 1 to 1500 units of produdtes
not affect the amount invested in clean technofagifities of this supplier.

84



14000
12000
10000
2
Rooo
o
[=)
6000
4000

2000

| tp—— Supplierl

*:.:.:.:.;+ Supplier 2

\ Supplier3

A\ 4

Supplierd

0 500 1000 1500 2000 2500

Capacity of disassembly site (Units )

Dollars

120000

100000

80000
60000
40000

20000
0

VS
PR ~ =t Supplierl
=—{li— Supplier2
supplier3
opli
T W W W I

0 2500

500 1000 1500 2000
Capacity of disassembly site (Units )

Figure 2. Investment in remanufacturing (overfigure 3. Investment in clean technology (over-

estimated budget)

estimated budget)

16000

14000

12000

10000
2

8000

Dolla

6000
4000

2000

| £ =—t— Supplierl

¢ ¥ i
Supplier3
Supplierd

120

0 &pacity"gf disasggmbly sife (Uni&?fj

20000
18000
16000

4000
2000

14000 Supplierl
42000 ——— Supplier2
S0 f——W——@—— 8
Ogo00 Supplier3

6000 Supplierd

2000

500 1000 00 2500
Capacity of gisassemﬁy site (Units )

0

Figure 4.
estimated budget)

Investment in green R&D (ove

=
1

Figure 5. Investment in green raw material (over-
estimated budget)

70000

50000
210000
=
S0000
20000

10000

60000

——4—— Supplierl

——— Supplier2

—uy—3

Supplier3

Supplierd

2000 2500

500 1000 00
Capacity of gisassemﬁy site (Units )

200000
180000
160000
140000

420000
4
= 00000
=]
S 30000

60000
40000
20000

0

L 2

== Supplier 1

wii— Supplier 2

Supplier3

Supplier4

2500

o capcity of @%ssembifSite (UATY)

Figure 6. Investment in renewable energy (ovefrigure 7. Total investment in suppliers (over-

estimated budget)

According to figure 5, as the capacity of asmfacturing facilities of supplierl upturns, opgim
investment in green raw material for this supptieclines. Because more remanufactured products lead
to less manufactured or new products to meet timardemand which indicates less raw material is
used. Therefore, environmental burden related ¢oue of non-green raw material decreases. Results
illustrated in figure 6shows that a change in thpacity of remanufacturing facilities for supplierfrom
1 to 1500 units of products does not vary requinegstment in renewable energies since supplienl ca
increase the number of remanufactured productisisnrange. There is a reduction in monetary investe
in renewable energies for supplierl, from 1500@06Qunits of products. As can be seen in figurés 1-
investment in clean technology and remanufacturisegs, and as a result, consumption of fossil fasls

estimated budget)

well as pollution production reduces in this domain
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Thus, there is less need for investment in rassv energies. Total investment, i.e. the sum of
investment in all GSDPs, in suppliers is presemefthure 7. As can be seen in figures 2-7, a clkang
investment in a particular GSDP varies the amoumntsted in the other GSDPs because of their
advantages and disadvantages against each other.

As mentioned before, the whole set of green gyaannot be fulfiled when the budget is
underestimated. Thus, there exist deviations fraeterthined goals. In given situation, the better
environmental performance of suppliers, i.e. moxésteg capacity of GSDPs, the less need for
investment in related GSDPs. In order to reducéatiems from goals, the remaining budget is invéste
in the GSDPs that make maximum improvement in envirental performance of suppliers according to
their ability to enhance goals as much as possiliies, a change in a suppliers’ existing capacity o
GSDPs varies total required investment in the athepliers.

Results illustrated in figure 8 indicate thatemtsupplier 1 does not remanufacture productse tlsarot
enough budgets to invest in other suppliers. Asetkisting capacity of manufacturing of supplier 1
increase, the released budget is assigned to stipgliers to reduce deviation from goals. Figures 9
11show that as supplier 1 remanufactures more ptsdihe required investment in green raw matesal
well as utilizing renewable energies by supplieeduces; because, the consumption of natural ressur
as well as pollution production which are considesis the main purposes of using renewable enegyies
reduced by remanufacturing. Also, the number of mewducts diminishes by remanufacturing, and
subsequently, the usage of raw material declinssilldstrated in figures 12-15, when the capacty o
remanufacturing for supplier 1 increases, totatgtmnents in other suppliers rise to minimize déadf
goals. Since given budget is enough to fulfill gremals of supplier 1, the required investmenthis t
supplier decreases by increasing its remanufacfuapacity.
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Figure 16. Deviation from goals (under-estimated budget)

The more suppliers perform GSPDs, the better enmiemtal performance they have. Figure 16 shows
that in given situation with an under-estimateddridit is possible to decline the positive dewvias by
investing in other suppliers. Negative deviation ichh indicates improvement superior to 20%
environmental improvement of suppliers also redigesnhancing existing capacity of supplier 1.

6- Conclusion

Significant role of suppliers in supply chain preses and the fact that an enormous amount of
environmental burden is caused by poor environnmeetdormance of suppliers have made companies to
develop their suppliers, environmentally. Suppliessially need help from manufacturer because either
they don’t have enough budget or are not inclireeéhtest in this field because of the high resource
consuming nature of GSDPs. Limited budget of corigsaris a major barrier for green supplier
development due to this fact that almost all GSB&sd high monetary investment. This paper mainly
discussed the investment aspect of green suppbeelabment process. In this research, first, a
conceptual framework for practical implementatidnGSDPs was proposed which provides managers

87



with insight to the whole process of green supplievelopment that focuses on investment on GSDPs.
This model was run on data given from a leadingitra automotive company. Then, the green goals of
the buying firm were compared to environmental negments of their selected suppliers; and a set of
useful GSDPs was determined. The main contributiothis study was a multi-objective optimization
model for investment in GSDPs. In this model, fdtey suppliers and five GSDPs including
remanufacturing, clean technology, renewable easrggreen raw material and green R&D were
considered, concurrently. The proposed model shdwedthe way that GSDPs affect green goals varies
their required investment. Then experimental reswkre performed to analyze and validate the model.
The sensitivity analysis emphasized that GSDP<stffach other and must be considered simultaneously
to achieve certain goals.

With respect to the growth of environmental regale® and concerns world-wide, investigating
financial advantages of green supplier developmeant be an interesting future research topic.
Additionally, in real situations, many companiegrghsuppliers. Developing the model in the case of
multiple-manufacturer multiple-supplier will helpamufacturers to identify the benefits of cooperatio
green supplier development.
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