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A GAME THEORETICAL FOR COORDINATION OF PRICING,
RECYCLING, AND GREEN PRODUCT DECISIONS IN THE SUPPLY
CHAIN

Abstract

In order to increase profit of supply chain there many powerful coordination tools such as:
pricing, advertising, inventory management prodwastd etc. Also, nowadays green products
paid attention to the manufacturers, thereforereffas been made in this paper to study, through
the non-cooperative game theory, a multi-produchpetitive 3-echelon supply chain with a
specified demand function. The supply chain inveleae manufacturer and multiple suppliers
and retailers, in which the latter two compete ramtally while keeping the Nash equilibrium,
but all the three compete vertically while maintaghthe Stackelberg equilibrium based on the
assumption that, in the market, the manufacturestisnger. Aiming at coordinating the
company’s ordering, pricing, and green product sleos, the followers’ KKT (Karush—Kuhn-
Tucker) conditions are replaced by the model's lovevel (i.e. a one-level nonlinear
programming model is obtained from a bi-level orRgrameters that are more effective on the
demand, price, and profit are determined througiumerical example. According to obtained
results, if the retailers’ market competition isr@ased, their profit will increase, but an incesas
in the suppliers’ market competition will reduceitls; the results also show that, with increasing
competition in the market, the overall supply chanofit will increase.

Keywords: Three-echelon supply chain; Competition; PricifRgcycling; Green products;
Game theory.

1. Introduction and Background

Since the technology is developing fast and cortipes are quite close, the SC optimization is
possible only through the corporates’ close codperaneaning that the market is experiencing
an SC-to-SC instead of the common corporate-toezatp competition [1].

Ever since the year 1990, such issues as the tlaalkel SC coordination and price competition
have been studied in various researches by ditfenachanisms including the RSC (Revenue
Sharing Contract) [2, 3, 4], Q/PDC (Quantity/Pr@scount Contract) [5, 6], ISC (Information



Sharing Contract) [7, 8] to mention some. Firmsehkng considered the pricing policy (in the
SC/revenue management) as an effective means thad enaximize their profit through
manipulating the demand, regulating the productom, distributing the products/services [9].
Companies have concluded that if they improve tl®&@ networks, much of the related
environmental pollution pressure will be eliminafdf, 11]. Instead of the limited, traditional
supply chains, companies should establish globais dmecause they are necessary for the
development of the economic globalization. Glohgd@y chains aim at ensuring not only the
easy and fast product availability, but also mizimg the manufacturing, service, and
performance costs. But, although the expansionlabal SCs is economically beneficial, it
consumes resources and pollutes the environméxatkoof which people are sensitive [12].

This is why hot topics are, nowadays, improving thsource utilization efficiency of global
supply chains and lessening the manufacturing ®ffea the environment; the concept of the
green supply chain, a novel idea aiming at miningzenvironmental effects and maximizing
resource efficiency (i.e. supplying materials arfteit processing, packaging, storage,
transportation, and use) was thus born. Many cms@nd organizations have realized that
resources will be utilized more efficiently and tleavironment will suffer less by the
manufacturing if the green SC idea becomes truey tave adopted environmental protection
and energy conservation strategies and try to epdaprove, strengthen, and enforce the related
laws and regulations [13].

MarouSek et al. [14, 15] tried to answer the questhat “would it be possible to turn such bio-
wastes as wheat husks, public greenery wastes,stiats, and so on, into a biofuel that was
potentially capable of being used in buildings, @indo, would it be economical?” Since the
material they needed had to be inexpensive anda@maentally clean (as regards the carbon
emission), they analyzed the process parameterstiglio improve them at the market scale.
Aiming at evaluating the impacts of novel solid forl production technologies, Has kova [16]
performed robust analyses to review their differagpects (environment, economy, health,
social issues, etc.) to answer the customers” ignssivhen they decide to buy biofuels.
However, since the world population is growing fasd people act irresponsibly against the
environment,pollution and natural resources scarcity are beograerious problem3herefore,

it is time to get familiarized with the used prothicrecycling concept and apply it to our

everyday life because it is necessary for a suabéenlife. Accordingly, a very positive strategy



is to buy products and recycle those thrown aw&y [B]. The following are some merits of
recycling [19]:

» Future generations will have a sustainable enviemtm

* Not much raw materials need to be collected; tloeegfpollution is reduced.

» Emission of greenhouse gases is reduced; hencglaib& climate is preserved.

* Energy is saved.

» Since fresh raw materials are consumed less, ha&s@urces are preserved.

* New jobs will be created in manufacturing/ recyglindustries.

» Materials that are potentially useful are preveriteth being wasted.
Such supply chain performance parameters asdugtomer satisfaction, low inventory cost, and
suitable production capacity utilization can be ioyed through coordination [20] and many
researches have focused on channel coordinatiomédti-echelon supply chains, but a few
studies haveconsidered coordination for pricing, recycling, ageeen products for over 2-
echelon supply chains.
[21, 22, 23, and 24] have addressed joint pricimd) @der inventory for profit optimization in a
SC where demand is affected by price, and have shioat individual decision making is not as
much profitable as when decisions are made joittyeconomic order quantity model has been
developed by Ghoreishi [25] has developed an ecanorder quantity modefor products with
selling prices influenced instantly by the inflaticate and the customer return
Modak [17] has proposed cooperative/non-cooperat@eSC models involving one
manufacturer and multiple retailers, under whicloghlies retailers compete with one another
under Stackelberg setting among manufacturers atadlars. A multi-echelon supply chain
consisting of one manufacturer and multiple suppli@nd retailers coordinates the company’s
different decisions such as inventory, advertisorgering, and pricing Sadigh [26]. Based on a
non-cooperative Nash game that considers bothrtbieg and inventory decisions, it proposes a
new inventory model (for manufacturers as well etaiters) capable of determining the No. of
orders for each product by considering the membetsirelations in a 3-echelon SC; to find the
related game's equilibrium point, an iterative olualgorithm has been proposed.
Chung [27] has proposed a 3-echelon model for @ngrigame and Jiang [28] has presented

mathematical models for 3-contract mechanisms. Ausl. [29] suggest the analyses of MEMs



(multi-echelon models) with quality, advertisingydapricing decision variables as a research
topic.

It is believed that the green supply chain managenseincreasingly finding its importance for
companies thatre highly aware of the global environmental ef€@8, 30] and, at the same
time, the numbeof the green SC-related academic studies are isiag#oo [31, 32 and 33].
CosKun et al. [34] have solved a hypothetical eXangroblem of the real life to clearly
emphasize the value and applicability of their ms®r 3-consumer group (green, indifferent,
and red) goal-programming model. Li et al. [35]ppwse a double-channel SC wherein the
manufacturer produces green products for the emwiemtal consciousness. Using the consistent
pricing strategy in the Stackelberg game modely thiscuss pricing and greening issues for the
members of a supply chain in both centralized aeckdtralized cases and compare its results
under one and two channel cases.

To meet different customers' needs and satisfyntaeket demand, a supply chain does not
usually provide only one product and companiesnofty to offer a variety of products to
maximize their profits and their shares in the rearkdence, this research has considered the
multi-product approach in supply chain pricing aedycling decisions.

The raw material price and quantity are the supgpli@ain decisions meaning that the wholesale
price, product's green degree, and required rawenmdd are the decisions made by the
manufacturer for his optimum net profit. It is assd that those who are present in the market
and compete are the retailers who sell the finigiteduct they have bought at a wholesale price,
to the final user at a retail price. Another asstiompis that in the retail market, the rate of the
demand increases with the price of the correspgnaval retailer, but decreases with the retalil
price.

As mentioned earlier, in the related literature ie@y many companies try to produce
commodities which are not harmful for environmemdabe able to recycle them. Also,
importance of products pricing effect to productsnénd and profit of supply chains’ members
and because the review of the literature showsuch effort has been made in a competitive
market with complete compete hence this problembeaappealing.

Using a game theory modeling/ solution approadostehas been made in this paper to address
a gap found in the pricing/ recycling problem oéegn/ non-green products in a competitive 3-

echelon SC for examine the competition among aleehechelons’ participants to make



decisions on what the price of their products stidnd. The findings showed that in competitive

markets, retail prices are dependent on changeslemand, and necessarily increasing
competition does not lead to lower pricedile studies [26, 36] show that retail prices are
decreasing with increasing competition.

The mathematical model in this paper has been pie$@&s a non-cooperative, 3-echelon game
wherein the players are the SC members. Retailedssappliers compete in a Nash game
horizontally. At the same time, they are involvethymg in a separate game with the

manufacturer. The system involves the leader (nztufer) and the followers (suppliers and

retailers); the former is more powerful and uttéeslast word. So the game is Stackelberg.

Reverse flow ___>
Forward flow —=———>
. - —— \
. i —
_ "i"lll . T~
o
~
N

Fig 1. Scheme of 3-echelon supply chain

This paper has been so organized as present tteemmatical model assumptions and notations
in section 2, explain the computational and anedytimodel solution methods in section 3,
provide some numerical examples to discussiongfetts of competition in SC in section 4, in
section 5 managerial insight is provided and cateliine results and future research suggestions

in section 6.

2. Mathematical Model



In this section for modeling, the decision varigbéand parameters of the supply chain members
are presented and a mathematical model for al@friembers is presented.

2.1. Assumptions, signs, and symbols

This paper has based its proposed model on theniolg assumptions:

1) While demand (retailers’) is linearly related te tietail price, rival retailer price, and the
product greenness, the slope of its sales pricwnward and that of its rival retailer
price/ greenness is upward.

2) Green products do not influence common costs ofnthaufacturer who should invest
extra money to produce green products through tietireg production procedure; it is
assumed that cost is a quadratic function of tbheymt greenness.

3) All supply chain member parameters are determméstd already known.

4) Since there is a complete competition betweenleesaand suppliers, for each product
and every raw material, there must be at leastratailers and two suppliers to compete
with each other.

Tables 1, 2, and 3 show the SC members’ sets, pteesn and decision variables,

respectively.



Table 1. Sets of suppliers, manufacture, and egail

W Set of product number (w = 1,2, ..., he symbol “...” introduces a multi-member set.
Z Set of retailers (z=1, 2,...., 2)
(0] Set of suppliers (n =1,12,..., O)
T Set of raw materials for producing n products
Table 2. parameters of suppliers, manufacture retaiers
fuz A demand function scaling constant,(® 0)
Mz Product w’s demand function price elasticity fetailer z
Ywz Product w's demand function price elasticity foe tompetitors of retailer z
Cw Product w’'s unit production cost for the manufaetu
Bm All products’ maximum production budget

Ui Amount of raw material t needed for product w'é gmoduction

Cso Amount paid by supplier o for raw material t togreduced

Mo Supplier 0’'s maximum capacity for raw material t

Nto Raw material t's price elasticity determined bpslier o

Qo Raw material t's price elasticity determined bpgglier o’'s competitors
K, Efficacy coefficient of greenness expansion famnit green product

Ow Per unit purchase cost of returned product wHerrhanufacturer

Hy Per unit recycling cost of returned product wtftg manufacturer

z Products’ fixed recycling cost

® Per unit greenness cost coefficient

2.2. Formulating the retailers’ model
A (Xwz p) (product demand at retailer z), related jointhddinearly to the retail price, rival
retailer price, and product greenness, is as falow

sz: f wz_/1 szwz+ Z yWZXw;+kz'0 (

z=1/z



Table 3. Decision variables of supplier, manufastand retailers

Xwz Product w’s retailing price for retailer z

D, Product w’s wholesale unit price

p the green degree of the green products

Vi Total raw material t needed for the productiomlbproducts
Pto Raw material t's price charged to the manufacthyesupplier o
lo Total raw material t supplied by supplier o

wheref,,; = a scaling parameter (always positivk); = price elasticity, ang,, = competitors’
price elasticity.
Every retailer aims at maximizing his net profitdagh optimizing his decision variable i.e. the

retail price. Therefore, the nptofit of retailer z can be found as follows:

(l)_(lz) =Z::LXWZAWZ_Z:1¢WAWZ (2)
Subjected to.
Xz 20 ©

wherell; is the retailer's net profit and the first expiessshows the total profit from selling
multiple products, and the second phrase ipthiehasing cost from the manufacturer.
Non-negativity of the retail price is ensured bysiaint (3).

2.3. Formulating the manufacturer's model

where zis the fixed rate of recycling products ands per unit greenness casiefficient. It is
assumed that the manufacturer's decisions includépneduct wholesale price) (product
greenness), and required raw materials).

The manufacturer’s net profit is as follows:



(J‘lM DI'D) };{CWZ @

w=l z=1 z=1
erx yl)

2
w

PRI URID S

Subjected to.
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wherelly = net profit of the manufacturer, phrase 1 = profimultiple products wholesaled to
all retailers, phrase 2 = (product) production castl phrase 3 = raw materials purchasing cost.
Constraint (5) limits the manufacturer (in spending allocated production budget) to maximum
Bm units for all products he produces and consti@pensures the raw materials sufficiency to
meet all retailers’ demands (raw material is ndbeécshort in the SC); And, constraint (7) shows
the value range of the decision variables.

2.4. The suppliers’ model formulation. Since pricing and amount of raw materials are the
suppliers' decision variables, suppliers need taioliheir optimum strategies to maximize their
net profits. They face the costs of supplying raaternals for the manufacture; thus, they obtain

their revenues by selling them to him. The objexfinction for supplieo is thus:
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Subjected to.
.

Fo= Y, 1. P* 2.0P, o
irm =y for t=1,2,...,” (10)
o1

re=m, fort=1,2,...,T (12)

ptOEO, r.20 -

Constraint (9) ensures that demand depends onthetkelf- and other-offered prices of raw
materials (i.e. suppliers compete with the manufaectas well as among themselves). Constraint
(10) ensures that suppliers supply the requiredmaterials. Since all suppliers can produce the
t" raw material, facing the‘UvgeneraIized Nash equilibrium point (GNEP) at thppiers’ level

is common. Constraint (11) checks each supplieodyction capacity for each raw material and
constraint (12) ensures non-negativity of decisianables.

According to the framework of the Stackelberg gaore who decides on the wholesale price,
required raw materials/, and the product greenness is the manufacturad€r) whereas the
retailers and suppliers as the followers deterntivgeretail price and price and amount of raw
materials (produced by supplier) to maximize tipeafits.

Therefore, the model Stackelberg model will beddigvs:

10
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Avvz= f WZ_A vszwz+ Z yW;va;-i-kzp

z=1/z

N
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Subjected to.
[e]

Mo ™= yt_,7w pto+ Z atgptg

o=1/o0

o
2re=Y, fort=1,2,...,T
0=1
o< Mo fort=1,2,...,T

3. Solution Method

By considering model formulation which has preséritethe previous section, a 3-echelon SC
with O suppliers, one manufacturer, and Z retail@s1+Z) has been presented, and the
Stackelberg game concept to address the suppheasiyufacturer’'s, and retailers’ strategies.

In this section, we will examine the manufactureBtackelberg model, in which the
manufacturer has more power in the supply chaim thetailers and suppliers, therefore
manufacturer is leader and suppliers and retaidees called followers, so that at first he
determines his own strategies and subsequentbijamst and suppliers determine their optimal
amount. In other words, there is a bi-level probléiso, the model presented in the Stackelberg
game is a nonlinear and restricted model, on therdtand suppliers and retailers in the Nash

game compete together horizontally simultaneouslgain more market share in order to gain

11



more profit, therefore it's possible to solve itcarately by obtaining the optimal amount of
players (suppliers and retailers) through the KiKhditions. The value of the objective function
of the manufacturer is found by placing the KKT duion of the followers in the leader's

problem and turning the bi-level problem into agi#level and it will show that this problem

can be solved precisely and the equilibrium poinStackelberg, in addition to being exist, is
also unique.

In the previous section, it was presented nonlifedevel programming (NBP), in which the

manufacture is leader, retailers and supplierdadicvers.

The presented solution method is that the objedtimetions of the lower level players (retailers
and suppliers) obtain their optimal values acclyaising the values obtained from the higher
level player (manufacture), next, to find the prdafiey are given to the manufacturer.

To obtain the optimal retailer decisions, first-@rdondition of Equatio(R) yields:

MRy T2 VX kP AP, (14)
op. Xoe 2.

Since the optimal best response does not needraonsfl3) to be considered first, Lagrange

equation and®lorder condition of the objective function of thepplier is as followsf; can be

both +ive and —ive):
T O

L(p)=2.2. pm[yt 1.0, *02,00 pmj (15)

T O

—ZZCsm[yt 1, pZa p)ﬁ[Zry)

t=1 o=1

oL, _
on,

y-n.p+2a.p,)nlp.-Cs)
_ﬂt( to+(0_ )é,m) =0

To solve this model, the optimal strategies of filower players, which are a function of the
leader player' strategies, are placed in the l&addjective function, in such a way that the
optimal values of the follower players' strategias|uding retail prices, raw material prices form
the constraints of the leader's (manufacturer)ablvge function. Therefore, the bi-level model

will be subjected to the single-level model asdof:

12
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Therefore, it is sufficient to show that the mamtfize-objective function for the variables of
follower players is concave function and manufaatwonstrains make convex space that given
in Appendix A.
Therefore, the manufacture's objective functiothan Stackelberg model manufacturer will be as
a function of the wholesale price and retail pacel the product grade green variables.

for SV tker .

Max My = Z(¢ Cm)Z(f M= . (17)
@,y w1

f +3 ) X tkot P
S Y Xtk OS2, B

t=1 o=1

+z=zmy Wszz kzp) —_IO
n z f +Zy XNZ+kzp+¢MM
;C\N;(fwz— £zl 2 zy sz+kzp) B“<0
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Therefore, the bi-level programming model in whilkh manufacture plays leader roll becomes a
single-level model.

The above model is a simple nonlinear single-lgreblem solved with optimization software
GAMS24,1,2 and CONOPT solution tool and its genepimal answer is obtained at a logical
time.

The general optimal answer of the above equatiadhdsequilibrium point of the Stackelberg

manufacture game, which in the next section, thalte are analyzed.

4. Numerical study

This section describes how the proposed game nwdebplied and how effectively it solves the
3-echelon competitive SC. Important model featua@sl managerial highlights have been
illustrated through some numerical examples.

Example 1

Consider an SC wheressupplier) =1, 2, 3, and 4, manufacturer =Z(retailer) =1, 2, and 3
(material) =1, 2, 3, 4, and 5, ana (product) =1, 2, 3 and 4. The SC members’ input values are
given in tables 4-6. The optimal values producedthsy Stackelberg game for the decision
variables of the manufacture are as follows,* = [39946.064; 45705.335; 47676.663;
38417.050] andy= [48279.532; 60761.149; 82764.002; 28967.719; 28¥2]. In table 7, 8

the retailer’s decision variables and the supp8eatecision variables are reported.

14



Table4. Parameters of retailers

retailer
product 1 2 3
sterategy
1 60000 60000( 70000
2 60000 | 70000 60000
fWZ
3 70000 | 80000 87500
4 71000 | 69000 69000
1 0.95 0.91 0.95
2 0.93 0.89 0.95
AWZ
3 0.95 0.9 1
4 1 1 0.995
1 0.001 0.006 0.004
2 0.003 0.001 0.012
YWZ
3 0.001 0.002 0.013
4 0.002 0.0013 0.001

15




Table5. Parameters of suppliers

supplier| Row 1 5 3 4 supplier| Row 1 5 3 4
material material
strategy strategy
1 0.01 0.04 0.05 0.07 1 20 20 20 20
2 0.02 0.05 1 0.07 2 21 18 18 19
a
to 3 003 | 004 | 001 | 005 Moo 3 11 19 19 19
4 0.04 0.07 0.08 0.06 4 15 22 22 15
5 0.02 0.05 0.07 1 5 18 12 12 26
1 0.5 1 0.7 0.4
2 0.6 0.25 0.35 0.5
CSto 3 0.35 0.5 0.45 0.5
4 0.3 0.2 0.25 0.4
5 0.025 0.55 0.25 0.1
Table6. Parameters of manufacture
parameter
Cw Uiw Uzw Uy Ugw Usy
product
1 2 1 1 0.5 0.6 0.2
2 3 0 0.6 2 0.3 0.4
3 4 0 1 0.3 0.3 0
4 5 0.5 04 1 04 0.4
Table7. variables of retailers
retailer roduct
P 1 2 3
sterategy
1 48866.317| 47126.418| 54437.347
2 50039.833| 52693.153| 52225.032
XWZ
3 57360.370| 58879.919| 70838.169
4 56987.638| 57272.310| 56584.630

16




Table8. variables of suppliers

supplier Row . , , . supplier Row . , , ,
sterategy| material sterategy| material
1 1868.797| 1864.704 2265.161 1860.068 1 11221.63| 11247.60 14525.6001284.70
Dro 2 2265.128| 2501.549 2403.048 2408.835 . 2 13727 .4518760| 15442.24 15403.96
3 4984.341| 3396.56f 3295.611 3393.756 3 28274.76681180| 17306.86 18600.99
4 1371.961| 1061.05f 1060.295 1369.495 4 8629.58 6.884| 5852.55| 8639.26
5 967.170 | 1277.054 1274.1%4 769.550 5 524888  7988. 7298.25| 2592.03

The profits earned by the retailers, manufactued, suppliers arHz;* =791567800I1z,* =
113541400011Z5* = 135876300001 * = 8242551000[10,* = 209884800, anHO,* =
140061900]103* = 142525800[104* = 135024000, respectively.

A sensitivity analysis has been done to stugy ywz, andn, (model main parameters); the mean
prices and SC members’ objective values are shaviigs. 2, 3, 4, 5 and 6. To study the effects
of the elasticity of the retail prices, the latterve been varied in the [08%; 1.15.,;] interval
and the effects on, respectively, the mean retaiepwholesale prices (of the two products) and
the mean price of raw materials have been chedckedshown in Fig. 2, an increase ig;
increases the retail price but reduces the whaeaatl raw materials prices, as regards the
demand reduction is lower than the retail pricegaase (demand reduction is 12.13% and retail
price increase is 25.67%), therefore retail profitew, but the profits of manufacturer and

suppliers decrease.

17
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Fig 2. Sensitivity analysis on parametef.

For yw, values in the [0.8R;; 1.15:] interval, effects of the elasticity of the rivatices and
profits shown in Fig. 3; as shown, an increasgjfncreases the prices and, hence, the objective
values for all the SC members.
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Fig 3. Sensitivity analysis on parametey

Fig. 4 showghe effectsof the elasticities of the wholesale and raw matemrices for a change
in the related parameter in the§6n,,; 1.15to] interval. According to Fig. 4a, an increasehia
raw materials’ price elasticity reduces the meaoepof the suppliers, manufacturer, and retailers
hence, increases the demand. According to thefisigmi increase in demand in return for
reducing retailers and manufacturer prices (denmmaecréase is 0.63%, wholesale price reduction
is 0.39% and retail price reduction is 0.28%), ¢fiere the profit of retailers and manufacturer

increases, but due to the fact that the price temluof suppliers is higher than the increase in
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demand (raw material price reduction is 9.39%), sheplier's profit decreases as shown in

figure 4b.
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Fig 4. Sensitivity analysis on parameter

For p values in the [5; 8] interval, effects of the digisy of the prices and profits shown in Fig.
5; as shown, an increase@ecreases the prices and demand, hence, the vbjeatues for all

the SC members.
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In Fig 6, we examine the changes of the efficacgfftment of greenness expansion in the

interval [2: 5], as we can see that increasintp&ds to an increase in the price of all members o

the supply chain. On the other hand, demand israsw. So the product is greener the demand

will increase.
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Example 2
More issues have been discussed here to explamddel performance in wider dimensions and

converge to the equilibrium response in the Stdekgl manufacturer game. The dimension of
the problem depends on the number of availableymtsdn the chain (w = 1,2, ... n), the number
of retailers (z = 1,2, ..., Z), the number of rawaterials needed to produce products (t = 1,2, ...,
T) and the number of suppliers (o0 = 1,2, ..., G)ctEof the issues in the Stackelberg game has
been implemented and the average retail price, aglaté price and raw material price and
average profit of retailers, manufacture, and Sepphave been reported.

Table 9. shows the average selling price of teslblpms at all levels of the chain.

Table9. Result test problem

Test Mean Objective Values Mean Price
Probl

roplem o M z o M z
(4,4,2,2) 367079.45 99415080 174212500 154.39 4091.79 17462.4

(6,4,4,4) 3022262.30 285034100 255500725 340.03 4092.80 19468.50

(8,4,6,6) 11208710.25 736380200 328914133 533.57 5080.75 21017.62

(10,4,8,8) 35153717.5 158333500 504829050 87444 6509.77 25098.78

Table 9 shows the mean values of suppliers’ ranenas$ price, manufacturer’'s all products’
wholesale price, retailers’ final products’ retailce, and profits in the echelons of the suppliers

manufacturer, and retailers.

5. Managerial insights

According to Fig. 2 can infer that increasing qmitze elasticity {,,) declines the mean prices of
suppliers, the manufacture and consequently rediheetotal benefits of them but retail prices
and profits increase with increasing self-pricesetaty. In other words, due to the low flexibility
of retail prices in highly competitive markets agheinand reduction, players are forced to raise
prices. This phenomenon is justified by the resultBig. 3 On the contrary, iy, is increased,

all SC members average prices will increase whielama more profit for them. Actually, high
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demand sensitivity to the rivals’ price means moegket excitement for increased demand and,
hence, more profit for the SC.

Each supplier tries, in the supplier echelon, tgua® more demand in his competition with his
rivals; the potential market demand for respecBugpliers is formed by the amount of raw
materials needed by the manufacture. Accordingigo &a, the greater igo, the more is the
competition among suppliers, and this forces thenofter lower prices to the manufacture
Since the increase in demand is less than pricectied, the supplier's profit has been reduced in
Fig. 4.b. Hence, both the manufacture and retadées lower prices leading to more demand
through the SC. And since the increase in demamdbi® than the wholesale and retail prices,
the manufacture and retailers’ profits increasg. Bi shows that an increase in cost per unit
greenness will reduce the SC members’ profits arkp as well as demanAlso it represents
an increase in the cost of investment in the prboocof green products which does not
encourage the manufacturer to produce green pradiibe analysis of Fig. 6 shows that the
more effective the coefficient of greenness exmansn the competitive markets, the more
willing customers will be in green products, so @ewh will increase and the members of the
supply chain will earn more. In real world the “neghievement” mentioned above can be
applied to LED lights (with an energy utilizationf 80% compared to tube lights and
considerably less heat generation), intelligengation (with management and watering systems
specific to the site), and so on. A well-known eamimental sustainability manufacturer as
Allergan and Unilever can use the proposed modeht@ance its competitive power and raise its
profit.

In the large size problems, the proposed modebeahardly solved which is the most common
limitation in the mathematical models. Therefore mpropose metaheuristic algorithms to solve

the model in these problems.

6. Conclusions

This paper has investigated the coordination ofdéeisions of pricing, recycling, and green
products through a three-echelon competitive S@ wite manufacturer, more than one supplier,
and many retailers. All SC participants make pgcitecisions, green products are produced by

the manufacturer, and unprocessed products are feoldecycling, to the manufacturer by the
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retailers; all these coordination decisions havenb®rmulated in the form of a Stackelberg
game.

This paper has studied the extent the retailerskehaan be competitive and has shown that,
contrary to the earlier researches [26, 36], theepand profit margins of the retailers will not
reduce because they sell their products at higheeg A point worth noting is that an increase
in cost per unit greenness will reduce the price @ofit of all the chain members because the
demand is also reduced. Therefore, in this sitnatibe manufacturer is not willing to invest
more money to improve the green produéiarthermore, we explore how the coefficient of
greenness expansion influences ftiieen supply chainBy increasing the coefficient of
greenness expansion, demand will increase, sdemstare willing to buy the green products
from the manufacturer, and the manufacturer wilbathow more willingness to produce the
green products to increase itself profihe proposed model is beneficial to manufacturetiva

in competitive markets because it enables thenotoonly lessen the amount of the produced
waste/ waste water and emission of different harmgéses, but also win the competition and
improve the whole SC profitability. It is also béio&l to the government and policymakers
because manufacturers welcome more investmentsuwstdmers are encouraged to purchase

such products.

It is suggested, for future studies, to developntioelel for larger problem sizes to consider more
competing manufactures. In this paper, it is assuttiat all parameters of the model are
deterministic, the probable demand in additionriogpdependence and the degree of greenness
of the product can be a very good ground for futesearch in the competitive supply chain.
Other interesting areas suggested for future reBearcan be “multi-period environments”,
“recycling-based dynamic pricing”, and “green progidecisions”.
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Appendix A

Proving that the manufacture objective function is fully pseudo concave:A buyer’s
objective function being fully pseudo concave hesrbshown by Sadigh [37].

Lemma 1: The objective function of the Stackelberg manufeetis fully pseudo concave
concerning the wholesale price variables.

If S is assumed to be a nonempty open set in Eeyelntiation of (f: S— En) is possible on S,
and inequalityVi(x1)(x2 — x1) < 0 applies to xand x for f(xz) < f(x1), function f will be fully
pseudo convex. If fis pseudo convex then —f isigeeconcave [37].

Suppose the inequaliffb (P2, M)<[]b (P1, M), is equivalent to:

-A@ -C-(@@-hp)<s-A(@P -C-(a-h)p) (18)
After simlifying the above equation changes asfoH:
¢2(f +yx+kp-Ag) ~AC-A(o- h)b)s (19)

@[ +yx+kp-Agh ~AC-A(a-hp)
Now, the first-order condition of the manufactur@gective functiorrespect to¢l is as follows:

0 1
al;!i" 25 (f+/1(x—2¢1+C+ (o hp)+ ko) (20)

According to equation (20), derivation of the mautfire’s objective function is in the following

two situations:

¢12 f+/1(X+C-;/(]q— hp)+ko > OGI;M <0 (21)
f+Ax+CH(-hpyrko oM,
.= 3 = g O (22

First, it is assumed that the value¢1fin equation (21) is true, So for establishing fieta{19) it

IS necessary to have the val¢§> in the following equation.

f +A(x+Cr (a=hp)+kp 23
2 <99, “

So the following relation will be established
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<9, - anM (P, -P)<0 (24)

Now it is assumed that the val¢flain (22) is true, also, According to Lemma assumptio
equation (22) which is an increasing function, Madue of¢ can never be greater than the
2

value of the variabl@ . So the following relation can be deduced.

$29, - @ )0

In two cases o¢ it was shown that the relatld’rﬂM (¢ ) exists, so that the pseudo-concave

(29)

proof of the manufacture’s objective function ire tGtackelberg model is complete with respect

to the wholesale price variable.

Lemma 2: The objective function of the Stackelberg manufeetis fully pseudo concave
concerning the product greenness variable.
Proof: Similarly, it is shown that the derivation of theanufacture’s objective function with

respect to the product grade green variablestisafiollowing two situations:

LHCTKEIDl O g (26
' @ P,
plskC+k(qZ—wh)b—k¢ B aa%uo 27

As a result is similarly, in two cases p‘ it was shown that the relaticil 0-0) exists, so
2

90,
that the pseudo-concave proof of the manufactwijsctive function in the Stackelberg model
is complete with respect to the product grade guvegiable.
Lemma 3: The Stackelberg manufacture's solution spaceosetitutes a convex set.
Proof: In order to show the convexity solution sgdast the smaller equal inequality constraints

are investigated.
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2 (29)
2.2 C.A.<B,

0l A)-Ys0  Ot=12,..T (29

Given that the above constraints are smaller eggaktion, the demand equation must be
convex, since the demand equation is linear, theesfs convex.

Also, since all of the equal constraints are lineard if the equal constraints are linear, the
solution space will be convex. Thus, the space haf $olution of the Stackelberg model
constitutes a convex sefs a result, according to the lammal,2 and 3 thistence and

unigueness of the Stackelberg equilibrium poimtresved.
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Highlights

e This research considers a competitive green thebelen supply chain that the
manufacturer determines additional investment adpcing green products.

* Both horizontal and vertical competitions among taé multi-product supply chain
members are addressed.

* Optimal pricing is determined in all three-echesupply chain.

» Both Stackelberg and Nash games' approaches as&lewed in the whole supply chain.

« This study have shown that increasing of coeffic@ngreenness expansion not will the
demand increase, but also increase the profitll oi@mnbers of the supply chain.



