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Abstract

Green supplier selection plays a vital role in the green supply chain management.
A carbon footprint based incentive green supplier selection model, which can
urge the participants in the green supply chain to initiatively make greener de-
cisions, is proposed in this research. Both economic attributes (price, quantity,
and lead time) and environmental attributes (green factors and carbon diox-
ide emissions (CO2)) are considered during the selection. The green factors of
the selected suppliers and the environmental investment are taken into account
during the determinations of the green factors. The CO2 emissions from the
transportation and production processes are considered. Moreover, three mod-
els are put forward to maximize the total profits, maximize the green factors,
and minimize the CO2 emissions. Numerical calculations and comparisons are
provided to verify the feasibility and superiority of the proposed models.

Keywords: Green supply chain, supplier selection, multi-agent systems,
carbon footprint, order allocation
2014 MSC: 00-01, 99-00

1. Introduction

Integrating environmental issues into an organization’s purchasing activities
becomes necessary due to the escalating deterioration of the environment and
the increased awareness about environmental concerns(Govindan and Sivaku-
mar (2016); Luthra et al. (2017)). It has become increasingly imperative for
organizations facing competitive, regulatory and community pressures to search
for a balance between the economic and environmental performance (Yazdani
et al. (2017)). Green supplier selection plays a crucial role for enterprises in the
green supply chain (GSC) (Qin et al. (2017)). Consequently, the green related
supplier selection catches more and more attentions.
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Main environmental criteria for green supplier selections are related to the
level of waste water discharge, level of solid waste generation, noise level, recy-
cling utilization level of waste material, carbon dioxide (CO2) emissions, level
of harmful material utilization, and so on. Both researchers and practitioners
make efforts to contribute to the green supplier selection. Although various
evaluation and selection methods were proposed, there is few work focused on
proposing an incentive mechanism which urges the participants in the GSC ini-
tiatively improve their strategies to reduce the harm to the environment. Yu et
al. proposed an incentive selection mechanism which was verified to be useful
in reducing the harmful effects on the environment (Yu et al. (2016)). The de-
terminations of green factors were only related to the selected suppliers’ green
factors, the determination of CO2 emissions were only related to the product
transportation distances, and the purpose was to maximize the participants’
profits. However, the participant’s investment on the environment protection
and the CO2 emissions during production processes are important factors to
evaluate the participant’s green degree as well. Moreover, each participant in
the GSC has a different preference on the profit, green factor, and CO2 emis-
sions. Thus, different models are required to satisfy the personalized demands.
In this research, the work of (Yu et al. (2016)) was extended. Both the selected
suppliers’ green factors and the environmental investments will be considered
during the determinations of green factors. The CO2 emissions during produc-
tion processes will be taken into account as well. In addition, three selection
models will be proposed to maximize the profit, maximize the green factor, and
minimize CO2 emissions,.

Main contributions of this research can be summarized as follows. Firstly,
an incentive supplier selection mechanism based on the carbon footprint is pro-
posed, which can urge participants in the GSC to make greener decisions ini-
tiatively. Secondly, both economic attributes (i.e. price and quantity) and en-
vironmental attributes (i.e. green factors and CO2 emissions) are considered in
the calculations of profits. A reward function and a penalty function are intro-
duced into awarding the participants with high green factors, and punishing the
participants with high CO2 emissions, respectively. Thirdly, new determination
mechanisms for the green factor and the CO2 emissions are proposed to promote
participants to select greener suppliers. Fourthly, three models are proposed for
different preferences on the profit, green factor, and CO2 emissions. Moreover,
the proposed models provide top management with flexibility in giving more or
less importance weight to the economic or environmental attributes according
to the participants’ preferences. On the other hand, this research contributes to
construct a simple but effective mathematical model which is good at reducing
CO2 emissions and increasing the green factors of participants. In addition,
the proposed models can be used for the government to verify the effects of
the determined reward/penalty threshold values to the reduction of the harmful
impact on the environment.

The remainder of this research is organized as follows. A literature review
relates to the supplier selection is discussed in Section 2. Section 3 describes the
details of proposed models. A carbon footprint based incentive supplier selection
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mechanism is addressed in Section 4. The numerical calculations and analyzes
are shown in Section 5. The conclusion and future research opportunities are
addressed in the final section.

2. Literature review

2.1. Green supplier selection criteria

Supplier selection is described as one of the most significant processes in
the purchasing and supply management function, and widely understood as a
crucial management responsibility (Wetzstein et al. (2016)). Organizations con-
sidered criteria such as cost, quality, and delivery to evaluate the performance
of their suppliers (Trapp and Sarkis (2016); Hlioui et al. (2017)). However, en-
vironmental deteriorations have forced public and private sectors to think over
environmental and sustainable issues. Therefore, green or sustainable supplier
selection attracts more and more attentions. The environmental criteria such
as pollution production (i.e. air emissions pollutant, level of waste water dis-
charge, level of solid waste generation, etc.)(Hashemi et al. (2015); Hu et al.
(2015); Kannan et al. (2015); Huang et al. (2016); Rezaei et al. (2016); Qin
et al. (2017); Luthra et al. (2017); Kumar et al. (2017)), noise level(Hu et al.
(2015)), recycling utilization level of waste material(Hu et al. (2015); Kannan
et al. (2015); Govindan and Sivakumar (2016); Yazdani et al. (2017)), level
of poisonous and harmful material utilization(Hu et al. (2015); Kannan et al.
(2015); Rezaei et al. (2016); Gupta and Barua (2017)), level of clean energy
utilization(Hu et al. (2015); Yazdani et al. (2017)), level of environmental pro-
tection input(Hu et al. (2015); Shabanpour et al. (2017); Qin et al. (2017)), level
of environmental management(Hu et al. (2015); Hashemi et al. (2015); Rezaei
et al. (2016); Yazdani et al. (2017); Qin et al. (2017); Kumar et al. (2017);
Gupta and Barua (2017)) were mainly considered in previous works. However,
these researches focused on the determinations of weights for the environmental
attributes rather than the determinations of strategies for the environmental
attributes. This research will contribute to the determination of the strategies
for the environmental attributes.

2.2. Green supplier evaluation method

The main modeling method can be divided into qualitative, mathematical
programming (linear programming, MILP, goal programming, nonlinear pro-
gramming), mathematical analytical (AHP, ANP, DEA, TOPSIS, VIKOR, etc.),
artificial intelligence (fuzzy logic, grey system theory, neural networks, genetic
algorithm, game theory, etc.), and combined models (Zimmer et al. (2016)).
Hashemi et al. integrated the ANP with an improved GRA to weight the cri-
teria and rank the suppliers (Hashemi et al. (2015)). Kannan proposed a fuzzy
axiomatic design approach to select the best green supplier for a Singapore-
based plastic manufacturing company (Kannan et al. (2015)). Hu et al. present
a multi-attribute group decision making method with 2-tuple linguistic assess-
ments for green supplier selection under a fuzzy uncertain information envi-
ronment (Hu et al. (2015)). Govindan and Sivakumar proposed an integrated
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fuzzy TOPSIS and fuzzy MOLP methodology to elucidate the ranking of green
suppliers and the order allotment problem in paper industry (Govindan and
Sivakumar (2016)). Huang et al. established a game-theoretic model to inves-
tigate the impact of supplier selection and other factors (Huang et al. (2016)).
Lious et al. proposed a hybrid model which combined DEMATEL, INRM, ANP
and GRA approaches to address dependent relationships between various crite-
ria (Liou et al. (2016)). Yazdani et al. combined the DEMATEL and QFD for
the green supplier selection by considering various environmental performance
requirements and criteria (Yazdani et al. (2017)). Shabanpour et al. combined
the artificial neural network with dynamic DEA to forecast future efficiency of
the green supplier (Shabanpour et al. (2017)). Qin et al. extended the TODIM
technique to solve the multiple criteria group decision making problem within
the context of interval type-2 fuzzy sets and applied into the green supplier se-
lection (Qin et al. (2017)). Luthra et al. proposed a framework to evaluate the
sustainable supplier selection by using an integrated analytical hierarchy pro-
cess, VIKOR, multi-criteria optimization and compromise solution approach
(Luthra et al. (2017)). Kummar et al. used the fuzzy-extended elimination
and choice expressing reality approach to evaluate the suppliers’ performance
(Kumar et al. (2017)). Hamdan and Cheaitou proposed an MCDM and multi-
objective optimization approach to solve a multi-period green supplier selection
and order allocation problem (Hamdan and Cheaitou (2017)). Ghadimi et al.
proposed a fuzzy inference system to rank the suppliers and a practical de-
cision making approach to evaluate and select the most sustainable suppliers
(Ghadimi et al. (2017)). Bakeshlou et al. developed a multi-objective fuzzy
linear programming model for a green supplier selection problem, and a hybrid
fuzzy multi-objective decision making is employed to solve it (Bakeshlou et al.
(2017)).

Most of them aimed to assign weights to the criteria, and then rank the
available suppliers. The main purposes were to evaluate the suppliers. No work
focused on providing an incentive mechanism which can urge the participants
in the GSC to initiatively improve their strategies to reduce the harm to the
environment. This research contributes to provide a carbon footprint based sup-
plier selection mechanism which urges the participants in the GSCN initiatively
make greener decisions to reduce the harm on the environment.

3. Model

3.1. Nomenclatures:

ωg: weight on the green factors of the suppliers
ωe: weight on the environment protection invest
ηk: proposition of item k for one unit product
∆g: average green factor of all items for sijl
ε1: metric ton CO2 emissions per kilometer
ε2: metric ton CO2 emissions per kilowatt-hours
πC
zi: profit of CA z for MA i
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πM
ij : profit of MA i by selecting MSA j

πS
ijl: profit of MSA j by belonging to sijl
πSC
ij′l: profit of MSA j′ (j′ 6= j)by belonging to sijl
πC
zi: profit of CA z by selecting MA i in traditional model
πM
ij : profit of MA i by selecting MSA j in traditional model

πS
ijl: profit of MSAs j by belonging to sijl in traditional model
Aijk: ability of item k of MSA j for MA i
CS

jk: cost of item k of MSA j

CEC
zi: CO2 emissions if CA z selects MA i

CEM
ij : CO2 emissions if MA i selects MSA j

CESS
ijl : CO2 emissions if MSA j selects sijl

CETC
z : total CO2 emissions of CA z

CETM
i : total CO2 emissions of MA i

CETS
j : total CO2 emissions of MSA j

CSi: setup cost of MA i
dCM
zi : distance from MA i to CA z
dSM
ij : distance from MSA j to MA i

EISj : environmental protection invest of MSA j

EIMi : environmental protection invest of MA i
gdSjk: green degree of item k of MSA j

gfCz : green factor of CA z
gfCM

zi : green factor of CA z if it selects MA i
gfMS

ij : green factor of MA i if it selects MSA j

gfMi : green factor of MA i
gfSj : green factor of MSA j

gfSS
ijl : green factor of MSA j if it selects sijl

pMijk: price of MA i for MSA j to buy item k

PS
jk: unit electricity use to produce item k of MSA j

PM
i : unit electricity use to of MA i
qCzi: quantity of CA z for MA i
qMij : quantity the final product of MA i for MSA j

QC
z : total bought quantity of CA z

QM
i : total bought quantity of MA i

QSij′k: acquired quantity of item k for MSA j′ ∈ sijl
QSTS

j : total produced quantity of MSA j
sijl: the lth coalition of MSA j for MA i
TS
jk: unit production time of item k of MSA j

TM
i : unit production time of product of MA i.

(xMi , yMi ): coordinate of MA i
(xSj , ySj ): coordinate of MSA j

(xCz , yCz ): coordinate of CA z
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3.2. Model description

Consider a three-echelon supply chain, which consists of multiple mate-
rial supplier agents (MSAs, j = 1, .., J), multiple manufacturer agents (MAs,
i = 1, ..., I), and multiple consumer agents (CAs, z = 1, ..., Z). MAs buy raw
materials from MSAs, and CAs buy final products from MAs. We assume that
each final product consists of multiple items (k = 1, ...,K), and each agent has
a coordinate (x,y). Moreover, we assume that each MSA j is allowed to es-
tablish coalitions (sijl, l = 1, ..., L) when the order of MA i exceed its ability.
We assume each participant in the supply chain has a green factor to record the
carbon footprint during its production and consumption processes and each raw
material has a green degree to show its friendliness to the environment. Both
economic attributes (price p, quantity q, and lead time lt) and environmental
attributes (green factor g, and CO2 emissions CE) are considered in this re-
search in order to reduce the harm to the environment. In this research, we
only consider the CO2 emissions. However, the research can also be generalized
to consider the SO2, NOX, PM and so on. A product transportation distance
based supplier selection model was proposed in the previous work (Yu et al.
(2016)), in which the green factor of the participant was only affected by the
green factor of the selected supplier. In this research, green factors of partici-
pants not only affected by their selected suppliers, but also influenced by their
investments to protect the environment. The green factor of each agent in this
research is defined as follows:

• For each MSA j: relates to the green degree of its produced material, its
selected partners’ green factors, and its investment on the environment
protection (e.g. recycle);

• For each MA i: relates to its selected suppliers’(MSA) green factors, and
its investment on the environment protection;

• For each CA z: relates to its selected suppliers’(MA) green factors.

On the other hand, the carbon footprint of each agent is defined as follows:

• For each MSA j: relates to CO2 emissions during its production process;

• For each MA i: relates to CO2 emissions during the transportation from its
selected suppliers (MSAs), and the CO2 emissions during the production
process;

• For each CA z: relates to CO2 emissions during the transportation from
its selected suppliers (MAs).

This research focuses on supplier selections of CAs, MAs, and MSAs. CAs
want to find the optimal MAs which can supply their needed products. MAs
seek the optimal MSAs which can supply their needed raw materials. MSAs
want to find the optimal partners to establish coalitions when orders of MAs
exceed their abilities. In addition, the coalitions dynamically change according
to the specific orders rather than keep unchanging. Interactions among CAs,
MAs, and MSAs can be included as follows:
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• Step 1: CA z makes an order to MAs;

• Step 2: Each MA i evaluates the order from CA z and makes an order to
MSAs;

• Step 3: Each MSA j evaluates the order from MA i, if it is out of its
ability, then goes to Step 4, otherwise goes to Step 5;

• Step 4: MSA j tries to find a coalition, if it successes then goes to Step 5,
otherwise reject the order;

• Step 5: MSA j accepts the order from MA i and gives a feedback to MA
i;

• Step 6: MA i checks whether all MSAs have given responses, if yes then
determines the final supplier and gives a feedback to CA z, otherwise waits
until all feedbacks are received;

• Step 7: CA z checks whether all MAs have given responses, if yes then
determines the final supplier, otherwise waits until all the feedbacks are
received.

The sequence diagram is shown as Figure 1. It can be generalized into the
situation when there are multi-tier suppliers, or multi-tier manufacturers, or
multi-tier consumers as well.

CA 1 MA I MSA 1 

(p1
C,q1

C,lt1
C)

If out ability

Determine
supplier

MSA J

If out ability

...

(pIk
M,qIk

M,ltIk
M)

Find coalition

CA Z MA 1

Determine
supplier

(p1k
M,q1k

M,lt1k
M)

...

...

(p1
C,q1

C,lt1
C)

(p1k
M,q1k

M,lt1k
M)

If out ability
Find coalition

Find coalition
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M,ltIk
M)
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(pZ
C,qZ

C,ltZ
C)

Determine
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(p1k
M,q1k

M,lt1k
M)

(p1k
M,q1k

M,lt1k
M)

If out ability
Find coalition

(pZ
C,qZ

C,ltZ
C)

(pIk
M,qIk

M,ltIk
M)

If out ability

Find coalition

Find coalition

If out ability

If out ability

(pIk
M,qIk

M,ltIk
M)

Find coalition

If out ability

Determine
supplier

Determine
supplier

Figure 1: Sequence diagram of the model
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4. Carbon footprint based incentive supplier selection

In this research, we try to establish a carbon footprint based incentive sup-
plier selection mechanism, which urges agents to improve their decisions to re-
duce the harm to the environment. In other words, we aim to prompt the agents
to select greener suppliers with higher green factors and lower CO2 emissions.
However, the agent in the supply chain normally tends to select the suppliers
with which it has the highest profit regardless of the green factor. Thus, in this
research we assume that the final profit of the participant is not only related to
economic attributes, but also related to environmental attributes. As we have
mentioned in Section 3.2, the green factor of the agent is affected by its selected
suppliers. The green factor of the agent will be decreased if the green factor
of the selected supplier is lower than the agent’s green factor, and vice versa.
We define a reward function %(g) and a penalty function ϕ(CE) to encourage
agents to select suppliers with higher green factors and lower CO2 emissions,
where

%(g) =

 0, if g ≤ gmin

θi, if gi−1 ≤ g ≤ gi
θmax, if g ≥ gmax

, (1)

ϕ(CE) =

 0, if CE ≤ emin,
δi, if ei−1 ≤ CE ≤ ei
δmax, if CE ≥ emax

. (2)

The reward and penalty functions are piece-wise functions related to green fac-
tors (g) and CO2 emissions (CE). The higher green factors agents gain, the
higher rewards they will acquired. The lower CO2 emissions agents emit, the
lower penalty they will be charged. The threshold values (θ and δ) for reward
and penalty functions can be determined according to the preferences of agents.

4.1. Determinations of green factors and CO2 emissions

In this section, determinations of green factors and CO2 emissions of MSAs,
MAs, and CAs will be discussed.

4.1.1. Green factors and CO2 emissions of MSAs

For each MSA j, it tries to establish a coalition if the order of MA i exceeds
its ability. The order is allocated according to both abilities and green factors
of the members in the coalition. Thus, if coalition sijl is determined as the
final coalition, then according to the definition of green factor mentioned in
Section 3.2 we have

gfSS
ijl = ωg

gfSj QST
S
j + ∆g

K∑
k=1

ηkq
M
ij

QSTS
j +

K∑
k=1

ηkqMij

+ ωeEI
S
j , (3)
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∆g =

 K∑
k=1

∑
j′∈sijl

QSij′kgd
S
j′k

ηkqMij

 /K, (4)

CESS
ijl = ε2

∑
j′∈sijl

K∑
k=1

TS
j′kP

S
j′kQSij′k, (5)

QSij′k =
Aij′kg

S
j′k∑

j∈sijl
AijkgdSjk

ηkq
M
ij ,∀j′ ∈ sijl. (6)

where the first part of equation (3) is related to green degrees of items (raw
materials), and the second part is related to the environmental investment of
MSA j. The importance of the selected supplier’s green factor and environ-
mental investment can be adjusted by setting the related weight (ωg and ωe).
Equation (4) is used to calculate the average green factor of MSA j if it select
coalition sijl. Equation (5) is used to calculate total CO2 emissions during the
production process if MSA j selects coalition sijl as the final supplier for MA
i. Equation (6) is used to calculate quantity allocations of members in coalition
sijl. The profit of MSA j if it selects coalition sijl is defined as

πS
ijl =

K∑
k=1

pMijkηkq
M
ij −

K∑
k=1

∑
j′∈sijl

CS
j′kQSij′k − ϕ(CESS

ijl )CESS
ijl (7)

+%(gfSS
ijl )(gfSS

ijl −
1

K

K∑
k=1

gdSjk),

where the first part of equation (7) is the payment from MA i, the second part
is the cost for the coalition to produce the order of MA i, the third part is the
penalty for CO2 emissions of the coalition to produce the required order, and
the last part is the reward related to the final green factor. We can see from the
last part of (7) that the reward will be negative if the final green factor of MSA
j after selecting coalition sijl as supplier is less than its initial green factor. In
other words, if MSA j wants to increase its profit, it needs to select the supplier
with which its green factor will be increased.

4.1.2. Green factors and CO2 emissions of MAs

For each MA i, if it selects MSA j as the final supplier, then we have

gfMS
ij = ωg(

QM
i gf

M
i

QM
i +

∑K
k=1 ηkq

M
ij

+
K∑

k=1

ηkq
M
ij gd

S
jk

QM
i +

∑K
k′=1 ηk′qMij

) + ωeEI
M
i ,(8)

CEM
ij = ε1

√∣∣xMi − xSj ∣∣2 +
∣∣yMi − ySj ∣∣2 + ε2T

M
i PM

i qMij , (9)

where the first part of equation (8) is used to calculate the green factor of MA
i if it selects MSA j as the final supplier, and the second part is related to the
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environmental investment. Equation (9) is used to calculate total CO2 emissions
if MA i selects MSA j as the final supplier. The first part of (9) is the CO2

emissions during the transportation from MSA j to MA i, and the second part
is the CO2 emissions during the production process. The profit of MA i can be
included as

πM
ij = −

K∑
k=1

pMijkηkq
M
ij − CSi − ϕ(CEM

ij )CEM
ij + %(gfMS

ij )(gfMS
ij − gfMi ),(10)

where the first part of equation (10) is the payment MA i needs to pay for the
product, the second part is the setup cost, the third part is the penalty related
to CO2 emissions, and the last part is the reward related to the green factor.

4.1.3. Green factors and CO2 emissions of CAs

For each CA z, if it selects MA i as the final supplier, then we have

gfCM
zi =

QC
z

QC
z + qCzi

gfCz +
qCzi

QC
z + qCzi

gfMi , (11)

CEC
zi = ε1

√∣∣xCz − xMi ∣∣2 +
∣∣yCz − yMi ∣∣2, (12)

where the first part of (11) is related to the initial green factor of CA z, and
the second part is related to the green factor of MA i. Equation (12) is used
to calculate CO2 emissions during the transportation from MA i to CA z. The
profit of CA z selecting MA i can be concluded as

πC
zi = −pMzi qCzi − ϕ(CEC

zi)CE
C
zi + %(gfCM

zi )(gfCz − gfCM
zi ), (13)

where the first part of (13) is the payment CA z needs to pay for MA i, the
second part is the penalty related to CO2 emissions, and the last part is the
reward related to the green factor.

4.2. Supplier determination

In this section, determinations of final suppliers for MSAs, MAs, and CAs
will be discussed. Each agent has an individual preference on the profit, the
green factor, and total CO2 emissions. Some agents care more about their
profits, while the others may pay more attentions to their environmental perfor-
mances (eg. green factors and/or CO2 emissions). Thus, three models, which
respectively aim to maximize total profits, maximize green factors of agents, and
minimize total CO2 emissions, are proposed. The objective function for Model
1, Model 2, and Model 3 is defined as OBJ1, OBJ2, and OBJ3, respectively.
There are multiple agents in the GSCN, and each agent strives to select the
supplier, with which it has the optimal objective function. Thus, an optimal
allocation scheme is required to solve the conflicts among agents. In Model 1,
the final allocation scheme is related to the profits of MSAs, MAs, and CAs.
However, the profits of agents (see (7), (10), and (13)) are not only related to
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their economic attributes (price and quantity), but also depend on their envi-
ronmental attributes (green factor and CO2 emissions). Moreover, green factors
of agents rely heavily upon the green factors of their selected suppliers, and CO2

emissions of agents rely on the transportation distances from their selected sup-
pliers. Thus, agents will tend to select suppliers with higher green factors and
lower transportation distances in order to maximize their profits. In Model 2,
the final allocation scheme is related to green factors of agents, and the green
factors of agents (see (3), (8), and (11)) depend on the green factors of their
selected suppliers. Therefore, agents will tend to select suppliers with higher
green factors in order to increase their own green factors. In Model 3, the final
allocation scheme is related to CO2 emissions of agents, and the CO2 emissions
of MAs and CAs (see (9), and (12)) depend on the transportation distances
of their selected suppliers. Thus, MAs and CAs will tend to select the suppli-
ers with shorter transportation distances to decrease their own CO2 emissions.
From above analysis, we can see that all the proposed three models will urge
agents to make greener decisions. m1

zijl, m
2
zijl, and m3

zijl are defined to record
the final allocation for Model 1, Model 2, and Model 3, respectively. The vari-
ables m1

zijl, m
2
zijl, and m3

zijl equal to 1 if CA z is allocated to MA i, and MA
i is allocated to coalition sijl in Model 1, Model 2, and Model 3, respectively.
Otherwise, m1

zijl, m
2
zijl, and m3

zijl equal to 0. Consequently, we have

OBJ1 max

I∑
i=1

J∑
j=1

L∑
l=1

m1
zijl(π

M
ij + πS

ijl) +
Z∑

z=1

I∑
i=1

m1
zijlπ

C
zi (14)

s.t.
∑

j′∈sijl

Aij′k ≥ ηkqMij ,∀k (15)

πSC
ij′l > 0, ∀j′ ∈ sijl, j′ 6= j (16)

Z∑
z=1

I∑
i=1

J∑
j=1

L∑
l=1

m1
zijl = 1 (17)

OBJ2 max{
I∑

i=1

J∑
j=1

L∑
l=1

m2
zijl(gf

MS
ij + gfSS

ijl ) +
Z∑

z=1

I∑
i=1

m2
zijlgf

CM
zi }(18)

s.t.
∑

j′∈sijl

Aij′k ≥ ηkqMij ,∀k (19)

πSC
ij′l > 0, ∀j′ ∈ sijl, j′ 6= j (20)

Z∑
z=1

I∑
i=1

J∑
j=1

L∑
l=1

m2
zijl = 1 (21)

OBJ3 min{
I∑

i=1

J∑
j=1

L∑
l=1

m3
zijl(CE

M
ij + CESS

ijl ) +

Z∑
z=1

I∑
i=1

m3
zijlCE

C
zi} (22)
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s.t.
∑

j′∈sijl

Aij′k ≥ ηkqMij ,∀k (23)

πSC
ij′l > 0, ∀j′ ∈ sijl, j′ 6= j (24)

Z∑
z=1

I∑
i=1

J∑
j=1

L∑
l=1

m3
zijl = 1 (25)

where (14), (18), and (22) are objective functions for three models. Equations
(15), (19) , and (23) are used to ensure the final determined coalition is in ability.
Equations (16), (20), and (24) are used to ensure all members in coalition sijl
are profitable. Equations (17), (21), and (25) are used to ensure each order
can only be allocated to one supplier. Moreover, the final green factors and
total CO2 emissions of the agents will be accumulated once the final supplier is
determined. We have

gfSj =

L∑
l=1

me
zijlgf

SS
ijl , (26)

CETS
j = CETS

j +
L∑

l=1

me
zijlCE

SS
ijl , (27)

QS
j = QS

i +
L∑

l=1

me
zijl

K∑
k=1

ηkq
M
ij , (28)

gfMi =

J∑
j=1

me
zijlgf

MS
ij , (29)

CETM
i = CETM

i +

J∑
j=1

me
zijlCE

M
ij , (30)

QM
i = QM

i +

J∑
j=1

me
zijl

K∑
k=1

ηkq
M
ij , (31)

gfCz =
I∑

i=1

me
zijlgf

CM
zi , (32)

CETC
z = CETC

z +
I∑

i=1

me
zijlCE

C
zi, (33)

QC
z = QC

z +
I∑

i=1

me
zijlq

C
zi, (34)

where e = 1, 2, and 3. We can see that both green factors and CO2 emissions
of MSAs, MAs, and CAs will be affected by their final determined suppliers.
Thus, all agents should make their decisions from a long term consideration in
order to obtain more orders.
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5. Numerical Cases

In this section, calculations are provided to verify the feasibility and superi-
ority of the proposed model. It is assumed that there are five MSAs, five MAs,
and five CAs in the GSCN, and each product needs five items. The variable ε1
equals to 6.683× 10−4 metric ton/km, and ε2 equals to 6.89551× 10−4 metric
ton/kwh according to the conversion between the distance and CO2 emissions
proposed by EPA (United States Environmental Protection Agency). If the re-
search is generalized to consider SO2, NOX, and PM, the values of ε1 and ε2 will
change to the other values. The maximum and minimum green factor of a agent
is set to 100 and 0, respective. We assume the initial values of green factors
for agents obey to the uniform distribution U(0, 100). The green factors will
be changed according to the proposed selection mechanism during iterations.
The other parameters (such as: price, cost, quantity ) in the calculations are
randomly set obey to uniform distributions. Users can set the upper and lower
bounds of distributions according to their own preferences (e.g. actual trading
data). One example of initial green factors of MSAs, MAs, and CAs are shown
in Table 1. The initial values of CO2 emissions of MSAs, MAs, and CAs are
set as 0. Eclipse IDE for Java Developers and ILOG CPLEX 12.0 are used to
execute the calculations.

Table 1: Initial values of the green factors of the agents.

MSA
MA CA

k=1 k=2 k=3 k=4 k=5
1 64.80 27.56 15.54 25.47 57.38 50 60
2 20.76 88.17 37.13 66.39 55.22 40 40
3 36.39 34.99 70.92 68.03 69.39 30 70
4 87.79 94.35 49.87 49.64 88.12 45 55
5 38.47 32.99 10.47 56.70 6.18 35 69

We provide two cases in this section:

• Case 1: aims to find allocation schemes for three models, and check the
evolutions of green factors and CO2 emissions in three models;

• Case 2: compares proposed models with the traditional model which didn’t
consider environmental attributes.

5.1. Case 1

In this case, we try to find the optimal allocation schemes for three models.
Allocations among the agents in three models are shown as Table 2. We can
see that MA 1 in Model 1 is allocated to coalition {12} of MSA 1, and CA 1
is allocated to MA 4. Coalition {12} means the coalition consists of MSA 1
and MSA 2, and the MSA 1 is the leader of the coalition. MA 2 in Model 1 is
allocated to coalition {51} of MSA 5, and CA 2 is allocated to MA 1. MA 3 in
Model 1 is allocated to coalition {21} of MSA 2, and CA 3 is allocated to MA 4.
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MA 4 in Model 1 is allocated to coalition {12} of MSA 1, and CA 4 is allocated
to MA 2. MA 5 in Model 1 is allocated to coalition {12} of MSA 1, and CA 5
is allocated to MA 4. The allocations of Model 2 are shown as the 5th column
to the 9th column of Table 2. We can see that MA 1 in Model 2 is allocated
to coalition {21} of MSA 2, and CA 1 is allocated to MA 1. MA 2 in Model 2
is allocated to coalition {12} of MSA 1, and CA 2 is allocated to MA 1. MA
3 in Model 2 is allocated to coalition {31} of MSA 3, and CA 3 is allocated to
MA 1. MA 4 in Model 2 is allocated to coalition {41} of MSA 4, and CA 4 is
allocated to MA 4. MA 5 in Model 2 is allocated to coalition {41} of MSA 4,
and CA 5 is allocated to MA 1. The allocations of Model 3 are shown as the
10th column to the 14th column of Table 2. We can see that MA 1 in Model 3
is allocated to coalition {41} of MSA 4, and CA 1 is allocated to MA 2. MA
2 in Model 3 is allocated to coalition {12} of MSA 1, and CA 2 is allocated to
MA 1. MA 3 in Model 3 is allocated to coalition {51} of MSA 5, and CA 3 is
allocated to MA 5. MA 4 in Model 3 is allocated to coalition {12} of MSA 1,
and CA 4 is allocated to MA 2. MA 5 in Model 3 is allocated to coalition {12}
of MSA 1, and CA 5 is allocated to MA 1.

Table 2: Allocations among the agents of three models

Model 1 Model 2 Model 3
MA MSA CA MA MA MSA CA MA MA MSA CA MA
1 {12} 1 4 1 {21} 1 1 1 {41} 1 2
2 {51} 2 1 2 {12} 2 1 2 {12} 2 1
3 {21} 3 4 3 {31} 3 1 3 {51} 3 5
4 {12} 4 2 4 {41} 4 4 4 {12} 4 2
5 {12} 5 4 5 {41} 5 1 5 {12} 5 1

Moreover, average green factors, total CO2 emissions, and total profits of
the GSCN in three models are shown in Figure 2. We can see that Model 1
has the highest total profit (see Figure 2(a)), because the objective of Model
1 is to maximize the total profit. Model 2 has the highest green factor (see
Figure 2(b)), because the objective of Model 2 is to maximize the green factors.
Model 3 has the lowest CO2 emissions (see Figure 2(c)), because the objective
of Model 3 is to minimize the total CO2 emissions. .
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Figure 2: Average green factor, total CO2 emissions, and total profits
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Then, we repeat the calculation 100 times to see the evolutions of the green
factors and CO2 emissions in three models. The numbers and individual values
of MSAs, MAs, and CAs keep unchanging. However, the procurement price,
quantity, and lead time of MAs and CAs for each calculation will change. In that
case, the green factor and CO2 emissions of each agent will be accumulated. The
vibrations of the green factors of MSAs, MAs, and CAs are shown in Figure 3.
We can see from Figure 3 (a) - (c) that the green factors vibrate with the
iterations. It’s verified that the green factors will finally converge to a certain
value when t is long enough.
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Figure 3: Vibrations of green factors and total CO2 emissions of MAs and CAs in three models

If we repeat the calculation 1000 times and take MA 1 as an example to
show the detailed vibrations of the green factor. The result is shown as Figure 4.
We can see that the final green factors of all three models will asymptotically
converge to a certain value after enough iterations. That’s because the numbers
of the participants in the GSCN are fixed.
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Figure 4: Green factor evolutions of MA 1 in three models

Moreover, we can see from Figure 3 (a) that the green factors of some MSAs
are not converging to a certain value. The reasons lead to this situation can be
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concluded as follows:

• MSA’s green factor is partly related to the green degree of its raw mate-
rials, and the green degree keeps unchanging during the iteration;

• Those MSAs are not selected for their limited abilities (cannot produce
the items or the expected prices are too high to satisfied).

On the other hand, the total CO2 emissions of MSAs, MAs, and CAs at each
iteration are shown in Figure 3 (d) - (f). We can see that the total CO2 emissions
increase as the iteration goes by. However, we cannot see whether the proposed
models urge the agents to make decisions to increase their green factors and
reduce CO2 emissions. Thus, a comparison between the proposed models and
the other model is required.

5.2. Case 2

In Case 2, we will compare the proposed model with the traditional model.
In traditional model, only economic attributes (price, quantity, and lead time)
are considered, and the objective is to maximize the total profit. The profits of
MSAs, MAs, and CAs in traditional model are calculated as

πS
ijl =

K∑
k=1

pMijkηkq
M
ij −

K∑
k=1

∑
j′∈sijl

CS
j′kQSij′k, (35)

πM
ij = −

K∑
k=1

pMijkηkq
M
ij − CSi, (36)

πC
zi = −pMzi qCzi. (37)

Then, we compare the proposed three models with the traditional model.
Parameter settings of the traditional model and proposed models are the same.
The purpose is to see the evolutions of green factors and total CO2 emissions in
the traditional model and proposed models. The results are shown as Figure 5.
We can see from Figure 5 (a) and (d) that both the average green factor and
total CO2 emissions of Model 1 is lower than those of the traditional model.
That’s because Model 1 aims to maximize the total profit, and the total profit
is related to the green factors and total CO2 emissions. The maximum value of
green factor is set to 100, and there is no upper bounder for the CO2 emissions.
Thus, the agents strive to reduce CO2 emissions to decrease the penalties. If
we decrease the penalty ϕ(·) and increase the reward %(·), then Model 1 will
have higher green factor than the traditional model. The average green factor
of Model 2 is higher than that of the traditional model (see Figure 5 (b)), and
the total CO2 emissions in Model 2 are less than those in the traditional model
(see Figure 5(e)). In Model 3, the average green factor is higher than those in
the traditional model (see Figure 5 (c)), and the total CO2 emissions are less
than those in the traditional model (see Figure 5 (f)) as well.

We can see from the above analysis that all proposed three models have
merits on reducing the harm to the environment. In other words, the proposed
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Figure 5: Comparison of the proposed three models and the traditional model

models urges the participants in the GSCN to improve their strategies to select
the suppliers with greener green factors and lower CO2 emissions. Moreover, we
can see that Model 2 is good at increasing green factors, and Model 3 is good
at reducing the CO2 emissions. One can select its preferred model according to
its own preference.

6. Conclusions

In this research, based on a carbon footprint involving economic and environ-
mental attributes, a supplier selection mechanism was proposed to reduce the
harm to the environment. We proposed a novel way to determine the strategies
for environmental attributes. The profits of the participants strongly depended
on both the economic and environmental attributes, which promotes the partici-
pants to preferably select the greener suppliers. This research provided not only
an evaluation and selection mechanism, but also an effective incentive selection
model which urges the participants initiatively improve their strategies. On
the other hand, three supplier determination models are proposed for different
purposes. Participants can choose models according to their own preferences on
profits, green factors, and CO2 emissions. It was verified that Model 2 has the
best performance on increasing the green factors, and Model 3 has the best per-
formance on reducing CO2 emissions. Moreover, it is verified that the proposed
models urge the agents to improve their strategies after several iterations. The
proposed models can be applied into the e-commerce (online shopping) when
the products are free shipping. The supervisor of the market platform can force
consumers to select suppliers with the shortest distance and highest green fac-
tor, and force suppliers to supply greener products by adopting the proposed
model.
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In this research, the agents improve their strategies in a simple way. Adopt-
ing learning algorithms will be a next step for this research. In this research,
the dynamic refers to the unfixed of the coalitions, however, it also can be gen-
eralized to the situation that the numbers of MSAs, MAs, and CAs are not
fixed. Moreover, the joint-delivery model will be considered to reduce the CO2

emissions for the next step.
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