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Sustainable Decisions in a High-tech Electronic
Product Supply Chain Considering
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A Hierarchical Bi-level Intelligent Approach
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Abstract—With the intensification of market competition,
high-tech electronic products need to be constantly updated.
The accelerated elimination of outdated products has led to a
waste of resources and severe environmental pollution.
High-tech electronic enterprises are facing more severe
problems than other industries in terms of how to coordinate
environmental protection and social responsibility while
maintaining their profits, because of the high product
elimination rate. However, little research on this aspect exists
in previous literature. In this paper, we consider the
sustainable development of a high-tech product supply chain
from the perspectives of profits, environmental protection
efforts and social responsibility costs. Considering the
hierarchical structure of the supply chain, a bi-level
programming model is constructed under the guidance of the
manufacturer. The corresponding hierarchical intelligent
algorithm is developed to solve and analyze the model. Based
on a sensitivity analysis, key research findings with
management significance are obtained, as follows: (1)
Compared with a carbon emission penalty strategy, changing
the carbon tax exerts a greater impact on the optimal decisions
and the manufacturer’s and retailer’s profits. (2) Social
welfare costs have significant impacts on product prices, green
innovation expenditure and the leader’s profit in a supply
chain. (3) Higher retailer carbon abatement costs could help
reduce the carbon emissions per unit product. (4) The
wholesale price decline rate has a greater impact on product
price and manufacturer’s environmental protection efforts
than the component purchase cost decline rate and selling price
decline rate.

Keywords—Sustainable supply chain; high-tech electronic
industry; bi-level programming; intelligent algorithm

I. INTRODUCTION

S a fast-growing industry, the rapid development of the
high-tech  electronic products market and the
continuous development of technology have accelerated the
speed at which products are upgraded. For example, since
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Apple launched its first mobile phone in 2007, the company
has launched new iPhones almost every year. The
corresponding high product elimination rate has caused
high-tech electronic enterprises to face the problem of how
to coordinate environmental protection with the
development of the company. On the one hand, the rapid
development of science and technology has shortened the
life cycle and accelerated the update speed of a series of
electronic high-tech electronic products, such as computers
and mobile phones [1]. This has resulted in a high
elimination rate of high-tech enterprises. On the other hand,
due to increasing consumer awareness of environmental
protection issues, as well as the new environmental laws and
regulations, high-tech electronic enterprises need to meet
consumers' green needs and create social benefits, while
simultaneously reducing their own costs and increasing their
profits. Therefore, with ever-increasing market competition
and increasingly stringent environmental regulations, the
importance of the sustainable development of high-tech
enterprises is particularly prominent. High-tech electronic
enterprises need to effectively integrate environmental
protection and social responsibility into their daily
operations, as well as their management of supply chain
operations.

Nowadays, protecting the environment has increasingly
become a key consideration, affecting and restricting social
and economic development. With the rapid development of
human society and the economy, the living environment of
the global human population has become increasingly
seriously impacted, causing many social problems and
posing a threat to the survival and development of human
beings. Enterprises have also begun to study their own
supply chains, in order to make them sustainable [2]. The
term sustainable supply chain refers to the concept of
integrating sustainable development into the entire supply
chain, in order to achieve the coordinated optimization of
economic, social and environmental benefits and ultimately
achieve the sustainable development of the supply chain [3].
In a high-tech product supply chain, managers should give
their full attention to managing the trade-off between profits
and environmental performance.

Based on the diminishing value of high-tech electronic
products and consumers' environmental awareness on the
demand side, this paper comprehensively considers the
hierarchical structure characteristics of the supply chain.
Under a bi-level programming framework, the
environmental issues, social performance and supply chain
operation problems caused by high-speed product updates
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and high elimination rates in a high-tech supply chain are
studied. Further, the impact of three carbon regulations
(carbon taxes, carbon penalties and a combination of carbon
regulations) and the social responsibility of supply chain
members with regard to product pricing, ordering, carbon
reduction efforts, and supply chain member profits are also
investigated. In addition, the impact of the decline rate of
high-tech electronic products on the above variables and
supply chain members’ profits are also analyzed.

The remainder of this paper is organized as follows: A
three-part literature review is presented in Section 2. Section
3 introduces the preliminaries of a manufacture-guided
bi-level model. The solution process of the solving method
and model evaluation, respectively, are given in Sections 4
and 5. Finally, Section 6 summarizes the findings of the
previous section.

Il. LITERATURE REVIEW

This section focuses on a three-part literature review. The
first part is related to sustainable supply chain management
research; the second part examines pricing and ordering
strategies, which are directly related to a company’s profit.
This includes high-tech product pricing and ordering issues.
The third part relates to the main method of modeling, a
bi-level programming technology-related overview.

A. Sustainable Supply Chain Management

With increasingly serious environmental problems being
faced throughout society, the study of sustainable supply
chains has received more and more attention in academia.
Khan et al. [4] focused on the social dimension of
sustainability by introducing information sharing in a
two-level sustainable supply chain model. Bendul et al. [5]
linked sustainable supply chain management discourse with

insights from the Base of the Pyramid studies. Acquaye et al.

[6] presented a robust environmental sustainable
performance measurement model, underpinned by industrial
lifecycle thinking. Ding et al. [7] developed a model to
investigate ~ the  opportunity  to outsource  a
pollutant-reduction service. Raj et al. [8] studied the
coordination issues of a sustainable supply chain that arise
due to the simultaneous consideration of greening and
corporate social responsibility initiatives. Sang [9] studied
the impact of a manufacturer's social responsibility with
regard to pricing and green level decision-making. The
study points out that the manufacturer’s social responsibility
is directly proportional to the greening level of the product
and inversely proportional to the retail price of the product.
Employing a SEM analysis, Jadhav et al. [10] found that the
orientation construct of supply chain collaboration and
communication could directly affect both environmental and
social sustainability performance.

B. Pricing and Replenishment Problems

As two of the most important topics of business and
academic researches [11], many scholars have made many
contributions to the study of pricing and replenishment
problems. Li et al. [12] studied a joint pricing,
replenishment and preservation technology investment
problem for non-instantaneous deteriorating items. 0 zelkan
et al. [13] investigated the reverse bullwhip effect in joint

replenishment and pricing decisions by using a
leader-follower game theoretical framework. Mohr [14]
focused on finding optimal replenishment decisions without
having complete price information available at the outset by
using online algorithms. Considering that replenishment
intervals are probabilistic, as well as partial backordering,
Taleizadeh et al. [15] developed an inventory control model
to determine the optimum amount of replenish-up-to level in
special sales offers. Wang and Choi [16] considered the lot
sizing optimization of carbon management in a
manufacturing industry, so as to help enterprises achieve
economic benefits and reduce the ecological deterioration
caused by carbon emissions. Hezarkhani et al. [17] and
Nouri et al. [18] also focused on pricing or replenishment
problems under different perspectives by using different
methods.

Compared with other products, high-tech products have
the characteristics of high-tech content, high income and
high risk. As such, these products are facing more intense
market competition and pricing environments than other
products in the trading process. Rapid technological
innovation has led to significant declines in spare parts costs,
sales prices and demand. Therefore, it is particularly
important to formulate appropriate pricing and ordering
strategies for high-tech enterprises. Thus far, few studies
have been conducted that examine pricing and
replenishment models of high-tech products. Yang et al. [1]
established a collaborative pricing and replenishing model
with a finite horizon when the vendor's purchase cost and
the end-consumer's market price are reduced simultaneously.
Then, Yang et al. [19] developed an economic order
quantity model with a finite planning horizon for a buyer.
Based on the model proposed in [1], Gao et al. [20]
employed a bi-level programming technical model to
analyze the pricing problems of hi-tech products.

However, most of the above literatures’ efforts are purely
focused on pricing or ordering issues; they are not linked to
environmental and social performance in sustainable supply
chains. Few have considered pricing and replenishment
strategies for high-tech products, and the common modeling
methods are integrated, while the hierarchical characteristics
of the supply chain are ignored.

C. Bi-level Programming

Bi-level programming is a system optimization problem
with a hierarchical structure, which is motivated by game
theory [21]. Bi-level programming techniques have been
remarkably successful when applied to many fields, such as
scheduling problems [22-24], traffic and location problems
[25-27], finance [28] and energy [29]. Zhou et al. [30]
established a new bi-level data envelopment analysis model
with multiple followers. The model was solved by using the
extended Kuhn-Tucker condition. Safay et al. [31] adopted a
comprehensive optimization method and TOPSIS method to
establish a robust bi-level optimization model for a supply
distribution relief network. Xu and Li [32] re-formulated a
two-layer nested structure bi-level programming as a
single-level optimization problem by using conversion
strategies. Wei et al. [33] proposed a bi-level scheduling
model for virtual power plants, based on static and dynamic
aggregation methods.
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Considering the above researches in hi-tech pricing and
replenishment policies in supply chains, this paper fills the
following gaps in literature:

(i) This paper integrates a bi-level programming
technique and the parameters of social and environmental
sustainability to high-tech electronic product pricing and
ordering modeling.

(ii) The significance of the environmental and social costs
for high-tech electronic product pricing, carbon reduction
efforts and supply chain members’ profits are highlighted.

(iii) Different carbon emission reduction mechanisms for
hi-tech electronic product pricing, carbon reduction efforts
and supply chain members’ profits are also highlighted.

I1l. MATHEMATICAL MODEL DESCRIPTION

This paper considers a two-echelon high-tech electronic
product supply chain system, with a single manufacturer and
single retailer. In this system, the decision and the
manufacturing process are depicted as follows:

The manufacturer purchases parts from the supplier, and
sells the final product to the retailer at the wholesale price
after processing. The retailer sets the retail price to sell the
product to the consumer, in order to maximize its own
profits. In the whole process, the value of components and
final products will decrease in time at a certain rate.
Therefore, manufacturers and retailers should consider the
impact of this decline rate on their own profits in the process
of formulating strategies, so as to make pricing and ordering
decisions that will maximize their respective profits. Besides
considering the initial price and the order cycle,
manufacturers also need to determine their respective
environmental measures (such as recycling and
remanufacturing) and develop low-carbon products, in order
to assume environmental responsibility.

In this paper, the model is established based on the
following assumptions. (1) The planning horizon is finite,
and there is no shortage; the purchase lead-time is constant.
(2) The replenishment rates of the manufacturer and the
retailer are instantaneous, and the time interval for each
order is the same. (3) The cost of component purchasing, the
wholesale price and the retail price of the product continue
to decline in unit time.

Tables 1 and 2 describe the notations used in the
mathematical model.

In the following subsections, we illustrate in detail the
decision problems and the constraints of the supply chain
members.

A. The Manufacturer’s Total Profit
The demand rate depends on the initial selling price

Table 1.

and green innovation expenditure according to:
d(pro,e):r-pr‘om-e“ (1)
Here, we assume that the demand function d(p,,,e) is a

joint non-linear function of the initial selling price (p;o) and
green innovation expenditure (e). For this hypothesis, please
refer to [34].

Due to the manufacturer’s purchase costs declining at a
continuous rate of d_, his/her unit purchase cost is
pso(l_dm)”/ﬂ ( I = 0,1,/\ rﬂ_l ) The
manufacturer-retailer-combined average inventory level is
aQ/2; the retailer’s average inventory level isQ/2, and the

manufacturer’s average inventory level is (x-1)Q/2 .

Therefore, the total hosting cost with the manufacturer in the
planning horizon can be calculated as follows:

p-1 .
Hop = S0 3, 1, 717 2 2R @)
b3 2

The unit product cost function of the manufacturer is
M, =mg +(1-7)6? @)
where m_indicates the conventional unit manufacturing
cost, 6 denotes the cost factor associated with emission
reduction expenditures, and » represents the proportion of
the emission reduction cost shared by the retailer, 0<#7 <1;
similar cost functions can be found in [35]. Carbon emission

costs incurred by the manufacturer during the production
process can be calculated by the following formula:

n
Ene = ETACec + D _YiCep; (4)
i=1
E=aR?-bR+c ®)
1 if ETd > E;;
Y. = " wherei=12,A ,n (6)
0 else
pTd <R <R, )

where, p>1, R, <1.5Td. For similar computational

methods, please refer to [36].

As shown in [3], the manufacturer's social cost mainly
includes four aspects: labor, health services, safety and
philanthropy. This social cost can be derived from the
following formula:

Sem = QS (8)

Decision variables

Manufacturer’s decision variables

Retailer’s decisions variables

B : Number of orders from the supplier to the

manufacturer in the planning horizon
Pmo : The retailer’s initial unit purchase price
e . The
improvement

manufacturer’s

environmental

« - Number of orders from the manufacturer to

the retailer per manufacturer’s lot size

Pro: Initial selling price charged by the retailer
Q: Order quantity from the manufacturer to

the retailer
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Table 2. Notations

Parameter definitions

T : Monthly length of the planning horizon

d : Monthly demand rate

r : Scaling factor of demand function (r >0)

m: Price elasticity coefficient of demand function (m>1)

N : Elasticity coefficient of environmental improvement by the manufacturer (O<n<1, n+l<m)
d, : Monthly decline rate of the manufacturer’s purchase cost

d, : Monthly decline rate of the retailer’s purchase cost

dp : Monthly decline rate of market price to the end consumer
Pso: Manufacturer’s initial unit purchase price

Chm : Manufacturer’s inventory holding cost per dollar per month
Chr : Retailer’s inventory holding cost per dollar per month

Oy, : Manufacturer’s ordering cost ($/order)

O, : Retailer’s ordering cost ($/order)

fsm: Manufacturer’s fixed ordering or setup cost ($/year)

f : Retailer’s setup cost ($/year)

E., : Manufacturer’s environmental cost parameter

E, :Retailer’s environmental cost parameter

Si ¢ Manufacturer’s social cost parameter

S, : Retailer’s social cost parameter

m, : Conventional unit production cost for manufacturer ($/unit)

a: Emissions function parameter (ton-year2/unit3)
b : Emissions function parameter (ton -year/unit2)

C : Transportation charge for a shipment of size Q (borne by the retailer)
| : Maximum truck load

t. : Truck loading fee

R : Manufacturer’s production rate (unit/year)

Cec : Emissions tax ($/ton)

Cep,i : Emissions penalty for exceeding emissions limit i ($/year)

E : Greenhouse gas (CO2) emissions (ton/unit)

E,; : Emissions limit i (ton/year)

7\ - Manufacturer’s total profit

7R . Retailer’s total profit

Therefore, the manufacturer’s total cost in the planning cost as follows:

horizon is the sum of setup, purchase and production, Elad
Pmo ﬁe zzpmo

- . . . I+J/a)(T//f T/
ordering, emission and social costs and can be written as: = fsm = Z psoll—dm)"7aQ

i=0 j=0 i=0
TCm(ﬂ' me’e) ¢ T( 1p ﬁ_l .
ul . 81 . -mea/R *(1* ’7)6‘32“,3? B LR psO(]-* dm )IT/ﬂ
= fsm +Z pso(l_dm)IT/ﬂiQ"'mca/Q*'(ngLl)Qz pso(l—dm)lT/ﬂ 2p ;
i=0 # i=0 = Om —Emc —aRQSpy,
(11)
+Om + Emc + /RS, )

The constraints faced by the remanufacturer would

The manufacturer’s sales revenue in the planning include a production budget constraint B, , price constraint

horizon is expressed as:

B and the positive integer constraint of order number; these
R, = ZZ Do (L1, )(i+i/a)(T/ﬂ)Q (10)  areexpressed as:
i=0 j=0 M. -T-d(p.e)< B,
_The manufacturer's total profit can be solved as the Pso + M < P < pro_cfp Q) (12)
difference between total sales revenue and the above total Q

peN*
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B. The retailer’s Total Profit

Due to the retailer’s purchase cost declining at a
continuous rate of d,, his/her unit purchase cost is:

Pmo  +  Pmoll—d, )T/aﬁ . Pmoll-d; )ZT/aﬁ 2eees
Pro (l— d, )(ﬂ e 2VeDT/P The retailer’s total hosting cost
in the planning horizon is:
¢, T|[EE c,@Q) 10
He, _ Sl pm 1 d ('+J/a)(T/,5) X (13
(B8 o )2

The retailer's total cost is comprised of eight aspects:
setup, purchase, holding, ordering, transportation, emission

and social costs, and cost-sharing related to green innovation.

The retailer’s carbon emission cost mainly occurs in the
transportation and storage of products, while the social cost
is for their workers. Based on the above analysis, the
retailer’s total cost is calculated as follows:

TC,
L-1la-1 o
= fgr +Z me(l_dr)(HJ/aXT/'B)Q
i=0 j=0
B-Lla-1
+02rﬁT Pmo(L—d, )i+1/aXT/5) +°pr(Q) %
i=0 j=0

+ 24O +¢ Q)+ @RAE, + Sy )+ noela /R
(14
Similarly, the retailer’s total profit would be the
difference between the revenue he/she receives from selling
products to customers, and his/her total cost is:

p-la-1

.
7r(Pro. @) I(prol dp})ddt*fsr*Zmeol d, Ji+i/akT/A)q
0 i=0 j=0
chrT S (i+i/a)r/p) | ep@)]Q
meO(l_dl‘) ) +T E
i=0 j=0

—aﬂ(Or +¢p(Q)-aRAE; +5¢)-noe?aR
(15)
The constraints faced by the retailer would include a
marketing expenditure budget constraint B, , a selling price

constraint and the positive integer constraint of order
number. These constraints are written as:

77692 T d(pr0: )SB
¢, (Q)
Q

Pro > Pmo +

N+
[2AS] (16)

C. The Manufacturer-Guided Model

According to the characteristics of the hierarchical
structure of a supply chain, a manufacturer-led two-level
programming model will be constructed by using bi-level
programming technology (the model and related concepts of
bi-level programming problem can be seen in Appendix A).
In this paper, we give priority to the interests of the

manufacturer, so we regard the manufacturer as a leader and
the retailer as a follower. In the bi-level model, the
manufacturer determines p_,, S and e at the upper level,
subject to his/her own constraints. Then, the retailer reacts
by choosing the optimal p,, and « at the lower level.

Based on the above equations displayed in Sections 3.1 and
3.2, the manufacturer-guided model can be presented as
follows:

B-la-1 . B _
max 7y (Pmovﬁ»e):z pmo(l‘rb)(lﬂ/a)(-r/ﬂ)Q_ fsm ‘Z pso(l_dm)lT/ﬂaQ
i~0 =0 i~0

-mea/R - (L-n)ela /R - hm”’ l)QZpol dn)JT/#
i=0
= fOm = Emc QS
subject to
M -T-d(pro.e)<B
Cfp(Q)
0

Pso +M¢ < Pmo < Pro—€-

BeNt,
where pyq and A are solved by the following problem

T p-la-1 o
max 7R (Pro. @)= I (pro(l—dp)‘)ddt_ for _ZZ pmolL—d, Ji+1/aXT/B)g

0 i=0 j=0
B-1a-1
WSS g el | 0@ 0
i=0 j=0 Q 2
—aﬁ(Or + Cfp(Q))_ aﬂQ(Er + Sr)—nﬁezaﬂQ
subject to
71982~T-d(pr0,e)§ By
cplQ
Pro > Pmo +€+ fp( )
aeNT, (7)

In Equation (17), the relationship between the order
quantity and order number is Q =Td/af, and Cfp(Q) is

calculated as Cfp(Q):’VQ/I—’[c (a similar assumption can be

found in [37]). The manufacturer-leader bi-level model
presented above is an NP-hard problem and difficult to
resolve using the classical method. Unlike the traditional
optimization methods, an intelligent optimization algorithm
is a kind of algorithm that has global optimization
performance, strong universality and is suitable for parallel
processing. This algorithm contains a differential evolution
algorithm, ant colony optimization algorithm, particle
swarm optimization algorithm, cuckoo search algorithm and
so on. These algorithms have been successfully applied to
various fields, because of their unique advantages [38, 39].
To tackle the proposed problem (17), an improved
intelligent algorithm will be employed in Section IV to find
the quasi-optimal solutions of the problem.

IV. SOLUTION FRAMEWORK OF THE PROPOSED
MODEL
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Differential evolution algorithm (DE) is a typical
intelligent algorithm with many attractive characteristics
[40]. A basic DE algorithm mainly contains the following
steps: initialization, mutation, crossover and selection, and
DEs have been successfully applied to many fields of
science and engineering [41].

local extremum, we adopted an exponential non-linear
incremental crossover rate CR to accelerate the convergence
speed, maintain the diversity of population and avoid
premature convergence.

CR =CRpmin +(CRmax — CRmin )*exp(—u*(l—t/T max)V) (18)

where u and v are constants, and the values of u and v
depend on the size of the problem itself. The crossover
probability can balance the global search ability and the
local search ability, and cause the algorithm to quickly
converge to the best solution.

In this section, we employ a hierarchical DE-based
algorithm with an exponential non-linear incremental
crossover rate (HEDE) to find the solutions of the proposed
model. In order to describe the HEDE process for solving
Model (17) more intuitively, the pseudo codes of the
algorithm are given in Table 3 and Table 4.

In Tables 3 and 4, the crossover rate CR plays an important
role in the performance of the DE algorithm. Due to the
fixed value CR easily leading to the algorithm falling into

Table 3. The pseudo code of HEDE for solving Model (17)

Algorithm 1
Step 1. Initialization: population size N, and N, ; the dimension of the decision variables of

the upper and lower level problem Dy and D_; maximum iterations T and T, ;
scaling factor F ; upper and lower limits of crossover rate CR,, and CR;, ; penalty factor M ;
upper level decision variable's upper and lower bounds:  Xgyper @Nd  Xgjoner; l0Wer level decision

variable's upper and lower bounds:  Yqyo0er  @Nd Yyjouer-

Step 2. While (t <T,,, ) do

Step 3. For i=1:Ny do

Step 4. For d ={1,2,A , Dy}, generate the ith initial position x4(t) of X ={pmo.& A}, by a
random function as follows:

Xid (t) = Xgiow + rand *(Xdupp — Xaiow )

Step 5. Set Xpegq(t) = X4q (t)-

Step 6. For every given Xgiven, adopt algorithm DEL to solve the lower level problem. Then
output the lower level problem’s best-found solution y* = DEL(Xgivem yi). (The pseudo of DE, is

given in Table 4).
Step 7. The iy, individual's fitness value is calculated as follows:

fitness, (xi (t) y*)= R (Xi (t) y*)

=2 (X @)Y+ M-S (max Gy (x ).y )0

k=1

Step 8. Update x,.y according to :

if FU (Xbest (t), y*)> FU (Xi (t), y*)v then Xbest(t): X (t)
Step 9. Update the ith individual's position by the following equations:
Step 9.1. Mutation (“DE/current-to-best/2”):

Vi () = Xig (t)+ F - (Xpesta (t)— Xiq (£))+ F '(Xrld (t)—Xq (t)
+F '(Xr3d (t)_ XrAd (t))
Step 9.2. Crossover:
0 t)= {vxid(t), if rand[0,1]<CRord =d, 44

Xiq(t), otherwise
Step 9.3. Selection :

X (t+1)= {Xi o R (Xi (t). y*)< Fy (Uxi(t)' y*)

uy(t) otherwise

Step 10. t=t+1
Step 11. End for
Step 12. Break

Step 13. Output the best-found solution (x*, y*): (p*

m

o'e "8 ’pro'a )
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Table 4. The pseudo of DE, for solving the lower level problem of Model (17)

DE_

Step 1. While (t <T,,,, ) do
Step 2. Fori=1: N, do

Step 3. For d={,2,A,D,}, generate the iy initial position y,(t)of y; ={p,e.af; by a

random function as follows:

Yid (t) = Ydiow rand *(ydupp - ydlow)

Step 4. Set Ypeqalt) = Yaq (t).

Step 5. For Xgiven Proposed in Algorithm 1, the iy, individual's fitness value can be calculated as

follows:

fitness, (Xgivens ¥i (t))= FL (Xgivens ¥i (t))

=—7R (Xgivenl yi (t))+ M - i(maX{GLk (Xgiven' yi (t))'0}>2

Step 6. Update Yy, ., according to:

1

if FL (Xgiven’ ybest(t))> I:L(Xgiven' yi (t))’ then ybesl (t): yi (t)
Step 7. Generate the next generation population ym(t +1) according to the lower level
problem’s related parameters (T ., ,y, (t): v, (t): v, (t) Y, (t)) and Step 9 of Algorithm 1.

Step 8. t=t+1.
Step 9. End for
Step 10. Break

Step 11. Output Y™ =Y, ;-

Table 5. Input parameters for numerical example

Pso r m n Chms Chr fomy Tor On O, B B,
200 10° 15 0.3 0.001 200 2000 100 500000 50000
T t, | m, 0 a b c P Eii
12 200 500 200 2.0 3x107 0.0012 1.4 120% 220
Table 6. Parameters setting of HEDE
N Trrexu Tinax L F CRipax CRyin u v M
45 1000 1000 0.5 0.6 0.2 50 10°

V. MODEL EVALUATION AND MANAGERIAL
INSIGHTS

In the previous section, a mathematical bi-level model
that considers carbon emissions as well as emissions
penalties and emissions taxes, and an interactive hierarchical
DE algorithm, were proposed in a manufacturer-guided
supply chain system. In this section, we intend to answer the
four research questions proposed in Section 1. Tables 5 and
6, respectively, give the parameter settings of the proposed
model and HEDE.

A. Sensitivity Analysis of Carbon Taxes and Emission

Penalty

This section studies the influences of three carbon
regulation strategies on pricing, ordering decisions, and
manufacturers' carbon reduction efforts decisions, as well as
the manufacturer’s and retailer’s profits.

Related parameters in this section are set as: E, =200,

S,=S,=05, =04, d =d, =d, =0.005. Related results

are shown in Tables 7-9, and corresponding figures are
exhibited in Figures 1 and 2.

The three tables (Tables 7-9) and two figures (Figures 1
and 2) indicate that:

(i) When not considering the cost of a carbon emissions
penalty, as the carbon tax C,, increases, even though

product prices and manufacturers' efforts to reduce
emissions are rising, the profits of the supply chain members
are decreasing.

(i) As the carbon penalty cost C,, increases, product

prices and manufacturers' efforts to reduce emissions are
decreasing, but the profits of supply chain members are
increasing without considering the carbon tax.

(ili) When the costs of the carbon tax and carbon
emissions penalty increase, the trends of product price,
manufacturer's carbon emissions reduction efforts and
members’ profits are the same as Scenario 1 (Cep =0, and

C,. increases). This finding indicates that, compared with a

carbon emissions penalty strategy, a change in carbon tax
rates has a greater impact on the decision variables and
member profits.
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Table 7. Impact of a carbon tax system with no emissions penalty (Cep =0)

Cec Pmo B e Pro a v TR
18 1805.2 1 235 1887.8 1 5.1851e+005 6.5218e+005
28 1878.9 1 24.3 1952.4 1 5.1057e+005 6.4897e+005
38 2043.1 2 25.8 2121.2 1 5.0767e+005 6.3699e+005
48 2170.2 2 27 2251.8 1 5.0421e+005 6.2826e+005
58 2287.0 2 28 2371.8 1 5.0055e+005 6.2061e+005
Table 8. Impact of an emissions penalty with no carbon taxes (C,. =0)
CEP Pmo B e Pro a v TR
1000 2572.6 2 30.5 2664.8 2 5.0602e+005 6.0337e+005
2000 2190.0 1 271.2 2272.2 2 5.1656e+005 6.2694e+005
3000 1984.9 1 25.3 2061.4 2 5.1702e+005 6.4114e+005
4000 1941.9 1 24.9 2017.2 1 5.2631e+005 6.4427e+005
5000 1886.8 1 23.9 1943.2 1 5.2941e+005 6.4714e+005
Table 9. Impact of a combination of a carbon tax and emissions penalty
Cec s Cep Pmo B e Pro a v TR
18, 1000 22442 1 27.6 2328.0 2 5.1157e+005 6.2335e+005
28, 2000 2300.3 1 28.1 2385.5 2 5.0689e+005 6.1950e+005
38, 3000 2336.2 1 28.5 2422.3 2 5.0287e+005 6.1750e+005
48, 4000 2622.5 1 30.9 2716.2 2 4,9538e+005 6.0035e+005
58, 5000 2732.7 1 31.8 2829.3 2 4.9033e+005 5.9442e+005
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Figure 1. The impacts of three different carbon regulations on the profits of the manufacturer and the retailer
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Figure 2. The impacts of three different carbon regulations on the environmental protection effort of the manufacturer

B. Sensitivity Analysis of Joint Emission Reduction

Mechanism

In this section, we try to answer the following two
questions: What percentage of the abatement costs that a
retailer is responsible for is most beneficial to their
respective profits? How does cooperation between a
manufacturer and a retailer impact the generation of carbon
emissions in a supply chain?

Related parameters in this section are set as: C,, =18,
Co=1000, E =200, S,=S,=05, d =d, =d,=0005- The

results are given in Table 10, and corresponding figures are
shown in Figures 3 and 4.

From Table 10 and Figure 3, we can see that, when the
retailer's emission reduction sharing coefficient is less than

or equal to 0.4 (7 <0.4). That is, when the retailer bears a

small part of the abatement cost, the joint emissions
reduction can increase the profit of each member of the
supply chain, based on the lower product price. This
scenario is also conducive to reducing the cost of carbon
abatement in the supply chain. When the manufacturer foists
most of the carbon abatement costs on the retailer (7 >0.4),

this will increase the cost of abatement and increase the
price of the product, but the profits of all supply chain
members will fall. In addition, Figure 4 indicates that the
degree of the manufacturer’s emissions reduction efforts has
also shown a trend of decreasing first and then increasing in
line with the increase of 7, and the retailer’s higher carbon

abatement cost could help reduce the carbon emissions of
each unit product.

Table 10. Impact of the retailer’s carbon emissions reduction ratio

n Pmo B e Pro a M TR

0 2244.2 1 27.6 2328.0 2 5.1157e+005 6.2335e+005
0.2 2003.7 1 255 2080.7 2 5.1340e+005 6.3954e+005
0.4 1988.1 1 25.3 2064.7 2 5.1365e+005 6.4037e+005
05 2090.0 1 25.9 2163.5 2 5.1352e+005 6.3119e+005
0.6 2120.6 1 26.5 2200.9 2 5.1348e+005 6.3073e+005
0.8 2200.0 1 27.3 2282.4 2 5.1324e+005 6.2509e+005
1.0 2774.7 1 32.1 2872.0 2 5.0560e+005 5.9017e+005
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Figure 4. The impact of carbon emission reduction ratio on the environmental protection effort of the manufacturer
chain members’ profits. Other related parameters in this

C. Sensitivity Analysis of Sustainable Factors

This section will discuss the impact of three sustainable
cost E, ,

manufacturer’s social welfare cost S, and the retailer's

factors (the

retailer's

environmental

section are set as:

the

social welfare cost S,) on decision variables and supply

Table 11. Impact of retailer’s environmental cost (S =S =0.5)

C. =18,
d, =d, =d, =0.005. The results are given in Tables 11-13,

Cep =1000 , 7=04,

and corresponding figures are shown in Figures 5 and 6.

E, Pmo s e Pro a Tm 7R
200 1.9524 1 25 2.0280 2 5.1367e+005 6.0850e+005
400 1990.4 1 25.4 2068.0 2 5.1365e+005 5.3950e+005
600 1.9916 1 25.4 2.0682 2 5.1366e+005 4,7188e+005
800 1.9925 1 25.4 2.0692 2 5.1367e+005 4.,1837e+005
1000 1998.6 1 25.6 2078.4 2 5.1365e+005 3.3907e+005
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Table 12. Impact of retailer’s social cost ( E, =200,S,, = 0.5)

S Pmo B e Pro a Tm TR
0.2 2.6850 1 314 2.7801 2 5.0597e+005 5.0426e+005
0.4 2.3840 1 28.9 2.4714 2 5.1063e+005 5.0676e+005
0.6 2.1640 1 26.9 2.2454 2 5.1294e+005 5.0691e+005
0.8 2.1072 1 26.4 2.1871 2 5.1331e+005 5.0656e+005
1.0 2.0395 1 25.8 2.1175 2 5.1358e+005 5.0594e+005
Table 13. Impact of manufacturer’s social cost (E, =200,S, =0.5)
Sm me ﬂ e pro o T\ TR
0.2 2.5975 1 30.7 2.6904 2 5.0751e+005 5.0513e+005
0.4 2.2805 1 28 2.3651 2 5.1190e+005 5.0706e+005
0.6 2.0308 1 25.7 2.1086 1 5.1275e+005 5.0601e+005
0.8 2.0189 1 25.6 2.0963 2 5.1353e+005 5.0587e+005
1.0 1.9960 1 25.4 2.0716 2 5.1397e+005 5.0567e+005
x 10°
520000 : T T
—¥— Er ™ ] e [ [ Er-,-rR
—%—Stmy || G- Sfmg
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Figure 5. The impacts of E,,
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Figure 6. The impactsof E_., S, and S, on the environmental protection effort of the manufacturer

Figures 5 and 6 show that, as the retailer's environmental
cost (E, ) increases, the retailer's profit decreases. However,
the product price, green innovation expenditure and
manufacturer's profit remain almost unchanged, thereby
indicating that E, only affects the retailer’s profit. As the

retailer’s social cost (S,) and manufacturer’s social cost
(S,,) both increase, product prices (initial wholesale price

and initial selling price) and green innovation expenditure
all show a downward trend; the manufacturer’s profit also
shows a slight upward trend, while the retailer’s profit is
almost unchanged. This finding indicates that social costs
will have a certain impact on product prices, green
innovation expenditure and the leader’s profit in a supply
chain.

D. Sensitivity Analysis of Decreasing Attributes

This section aims to answer the following question:
For the depreciation attribute of high-tech products,
which factor (decreasing attributes of components
purchase cost, product wholesale price and product retail
price) has a greater impact on supply chain members’
profits and carbon emission reduction efforts?

Related parameters settings are: C, =18, C,, =1000,

E,=200S, =S, =05, and ;=0.4. The results are given

in Tables 14-16, and the corresponding figures are shown
in Figures 7 and 8.

Table 14. Impact of monthly decline-rate of market price on the end-consumer (d, =d,, =0.005)

d p Pmo B e Pro a Tm TR
0.2 1.9524 1 25 2.0280 2 5.1367e+005 6.0850e+005
0.4 1989.8 1 25.8 2073.9 2 5.1364e+005 5.8912e+005
0.6 2.0618 1 26 2.1400 2 5.1365e+005 5.6437e+005
0.8 2144.6 1 26.5 2219.6 2 5.1367e+005 5.4151e+005
1.0 2150.9 1 26.9 2231.7 2 5.1363e+005 5.2531e+005
Table 15. Impact of monthly decline-rate of the wholesale price (d, =d,, =0.005)
d, Pmo B e Pro a M 7R
0.2 1952.4 1 25 2028.0 2 5.1367e+005 6.0850e+005
0.4 2186.6 1 27.1 2268.7 2 5.0326e+005 5.9662e+005
0.6 2201.8 1 27.4 2300.9 2 4.8929e+005 5.9507e+005
0.8 2239.2 1 27.6 2322.7 2 4.8483e+005 5.9411e+005
1.0 2290.0 1 28.8 2379.6 2 4.7818e+005 5.9586e+005
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Table 16. Impact of the monthly decline-rate of the component purchase costs(d,, =d, =0.005)

d

m Pmo B e Pro a v TR
0.2 1952.4 1 25 2028.0 2 5.1367e+005 6.0850e+005
0.4 1969.5 1 25.1 2045.6 2 5.1364e+005 6.0760e+005
0.6 2081.7 1 26.2 2160.9 2 5.1341e+005 6.0192e+005
0.8 2129.7 1 26.6 2210.2 2 5.1314e+005 5.9948e+005
1.0 2.1310 1 26.6 2.2117 2 5.1311e+005 5.9941e+005
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Figure 7. The impacts of d P d, and d, on the profits of the manufacturer and the retailer
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Figure 8. The impacts of d P dr and dm on the environmental protection effort of the manufacturer
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Figure 7 indicates that, when d_  increases, the

p
manufacturer’s profit is almost unchanged, but the profit of
the retailer is greatly reduced. This finding indicates that the
increase in the finished product’s selling price decline rate
has a greater impact on the profit of the retailer. When d,

increases, the profit of the manufacturer is greatly reduced,;
meanwhile, the profit of the retailer remains almost
unchanged. This indicates that an increase in the wholesale
price decline rate of the product has a greater impact on the
profit of the manufacturer. When d, increases, the profits

of both the manufacturer and retailer decrease slightly. This
indicates that an increase in the rate of decline in parts
purchase costs has a lesser impact on the profitability of
supply chain members.

From the above three tables and Figure 8 we can see that,
as d,, d, and d, increase, the initial selling price of the

product and the environmental protection effort of the
manufacturer all show different degrees of increases. Also,
when d, changes, the increase is larger, which indicates

that an increase in the wholesale price decline rate (d ) has

a greater impact on product price and manufacturer’s
environmental protection efforts than the other two
parameters (d ,andd.,).

VI. CONCLUSION

This paper studies the sustainable development problem
of a high-tech electronic product supply chain. Considering
the hierarchical structure characteristics of the supply chain,
we employ a bi-level programming technique to model the
high-tech supply chain’s operation problems. The paper’s
proposed DE-based hierarchical intelligent solution
algorithms are also developed. Optimal pricing, ordering
and green effort are derived. Then, we investigate the
impacts of three different types of carbon regulations and
the manufacturer’s and retailer’s social welfare costs on
product pricing, ordering, carbon reduction efforts, and
supply chain member profits. Finally, the impacts of price
decline rates on the decision variables and supply chain
members’ profits are analyzed. Within our modelling
framework, the computational analyses provide the
following findings: Compared with a carbon emissions
penalty strategy, the change in carbon taxes exhibits a
greater impact on the decision variables and the profits of
the supply chain members. Retailers shouldering a small
part of the emission reduction costs will help increase the
profits of supply chain members, while higher retailer
carbon abatement costs could help reduce the carbon
emissions of each unit product. The retailer's environmental
cost only affects the retailer’s profit, while both the retailer’s
and manufacturer’s social costs clearly have important
impacts on product price, carbon abatement costs, and the
leader’s profit in a supply chain. The wholesale price
decline rate has a greater impact on product price and the
manufacturer’s environmental protection efforts than the
component purchase cost decline rate and selling price
decline rate.

This paper mainly investigates the high-tech sustainable
supply chain operation problems with a single product under

a deterministic environment. Further research can be
extended to focus on the decision-making problems with
multiple alternative products in a high-tech sustainable
supply chain, by considering production uncertainty or
demand uncertainty.

APPENDIX A

A bi-level programming model can be generally divided
into upper and lower levels. The upper level is a compound
optimization problem with lower level optimal decision
variables (or optimal objective function values); the lower
level is a parametric program with upper level decision
variables as parameters.

Assuming

xeR™ , yeR™ , F,,F :R"xR™ - R ,

G, G, :R™xR™ — R ,we then have the general model of
bi-level programming problem (BLPP)

min F, (x,y)

s.t. Gy(xy)<0
where, for given x, the vector y solves
min F(x,y)

s.t. G (x,y)<0

(18)

where, x and y represent the upper and lower decision
variables respectively. F,(x,y)and F_(xy) denote the
upper level objective function and the lower level objective
function respectively,
and Gy (x,y)<0 and G, (x,y)<0 indicate corresponding
upper and lower level constraints.

Note:

Constraint region S = {(x, y)| Gy (x,¥)<0,G, (x,y)<0}

For givenx e R™, the feasible region of the lower level
problemis S(x)={y|G, (x y)<0}

The projection of constraint region S in the decision space
of the upper problem is

S(X)={x13y, Gy (x,y). G (x. y)<0}

For xeS(X), the rational response set of the lower
problem is

P(x)=1{yly cargmin[F (x,y)<0:yeS(x)}

The induction domain of the bi-level single objective
programming problem is

IR={xy)|(xy)eS,yeP(x)

The following definitions give the expression of the
optimal solution of the bi-level programming problem.

Definition 1. If (x,y)e IR, then (x,y) is called the
feasible point of Problem (1).

Definition 2. For V(x,y)elIR, if (x*, y*)e IR, and

Fy (x*,y*)s Fy(x,y), then (x*,y*) is called the optimal
solution of Problem (18).

Volume 51, Issue 1: March 2021



TAENG International Journal of Applied Mathematics, 51:1, [JAM 51 1 01

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

REFERENCES

Yang PC, Wee HM and Yu JCP. Collaborative pricing
and replenishment policy for hi-tech industry. Journal
of the Operational Research Society, 2007; 58(7):
894-900.

Barbosa-P6voa AP, Silva C and Carvalho A.
Opportunities and challenges in sustainable supply
chain: An operations research perspective. European
Journal of Operational Research, 2018; 268 (2):
399-431.

Khan M, Hussain M and Saber HM. Information
sharing in a sustainable supply chain. International
Journal of Production Economics, 2016; 181: 208-214.
Mota B, Gomes MI, Carvalho A, et al. Sustainable
supply chains: an integrated modelling approach under
uncertainty. Omega, 2018; 77: 32-57.

Bendul JC, Rosca E and Pivovarova D. Sustainable
supply chain models for base of the pyramid. Journal of
Cleaner Production, 2017; 162: S107-S120.

Acquaye A, Ibn-Mohammed T, Genovese A, et al. A
quantitative model for environmentally sustainable
supply chain performance measurement. European
Journal of Operational Research, 2018; 269: 188-205.
Ding H, Wang L and Zheng L. Collaborative
mechanism on profit allotment and public health for a
sustainable supply chain. European Journal of
Operational Research, 2018; 267(2): 478-495.

Raj A, Biswas | and Srivastava SK. Designing supply
contracts for the sustainable supply chain using game
theory. Journal of Cleaner Production, 2018; 185:
275-284.

Sang S. Optimal policies in a green supply chain with
socially responsible manufacturer. Engineering Letters,
2019; 27(4): 696-707.

Jadhav A, Orr S and Malik M. The role of supply chain
orientation in achieving supply chain sustainability.
International Journal of Production Economics, 2018.
Available online:
https://doi.org/10.1016/j.ijpe.2018.07.031.

Tashakkor N, Mirmohammadi SH and Iranpoor M.
Joint  optimization of dynamic pricing and
replenishment cycle considering variable

non-instantaneous deterioration and stock-dependent
demand. Computers & Industrial Engineering, 2018;
123: 232-241.

Li G, He X, Zhou Jand Wu H. Pricing, replenishment
and preservation technology investment decisions for

non-instantaneous deteriorating items. Omega, 2019; 84

114-126.

O zelkan EC, Lim C and Adnan ZH. Conditions of
reverse bullwhip effect in pricing under joint decision of
replenishment and pricing. International Journal of
Production Economics, 2018; 200: 207-223.

Mohr E. Optimal replenishment under price uncertainty.
European Journal of Operational Research, 2017; 258
(1): 136-143.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Taleizadeh AA, Zarei HR and Sarker BR. An optimal
control of inventory under probablistic replenishment
intervals and known price increase. European Journal of
Operational Research, 2017; 257(3): 777-791.

Wang XJ and Choi SH. Stochastic green production
planning with lot sizing. Engineering Letters,2020;
28(2): 343-346.

Hezarkhani B, Slikker M and Woensel TV.
Collaborative replenishment in the presence of
intermediaries. European Journal of Operational
Research, 2018; 266 (1): 135-146.

Nouri M, Hosseini-Motlagh SM, Nematollahi M, et al.
Coordinating manufacturer's innovation and retailer's
promotion and replenishment using a
compensation-based ~ wholesale  price  contract.
International Journal of Production Economics, 2018;
198: 11-24.

Yang PC, Wee HM, Liu BS, et al. Mitigating hi-tech
products risks due to rapid technological innovation.
Omega, 2011; 39(4): 456-463.

Gao Y, Zhang G, Lu J, et al. Particle swarm
optimization for bi-level pricing problems in supply
chains. Journal of Global Optimization, 2011; 51:
245-254,

Stackelberg HV. Theory of the market economy. New
York: Oxford University Press, 1952.

Mazidi P, Tohidi Y, Ramos A, et al
Profit-maximization generation maintenance

scheduling through bi-level programming. European

Journal of Operational Research, 2018; 264(3):
1045-1057.
Amirtaheri O, Zandieh M, Dorri B, et al. A bi-level

programming approach for production-distribution
supply chain problem. Computers & Industrial
Engineering, 2017; 110: 527-537.

Guo Z, Zhang D, Leung SYS and Shi L. A bi-level
evolutionary optimization approach for integrated
production and transportation scheduling. Applied Soft
Computing, 2016; 42: 215-228.

Chiou SW. A bi-objective bi-level signal control policy
for transport of hazardous materials in urban road
networks. Transportation Research Part D: Transport
and Environment, 2016; 42: 16-44.

Kolak OI, Feyzioglu O and Noyan N. Bi-level
multi-objective traffic network optimisation with
sustainability —perspective. Expert Systems with
Applications, 2018; 104: 294-306.

Li Y, Zhang P and Wu Y. Public recharging
infrastructure location strategy for promoting electric
vehicles: A bi-level programming approach. Journal of
Cleaner Production, 2018; 172: 2720-2734.

Johari M, Hosseini-Motlagh SM, Nematollahi M, et al.
Bi-level credit period coordination for periodic review
inventory system with price-credit dependent demand
under time value of money. Transportation Research
Part E: Logistics and Transportation, 2018; 114:
270-291.

Volume 51, Issue 1: March 2021



TAENG International Journal of Applied Mathematics, 51:1, [JAM 51 1 01

[29] Stojiljkovi¢ MM. Bi-level multi-objective fuzzy design
optimization of energy supply systems aided by
problem-specific heuristics. Energy, 2017; 137:
1231-1251.

[30] Zhou X, Luo R, Tu'Y, et al. Data envelopment analysis
for bi-level systems with multiple followers. Omega,
2018; 77: 180-188.

[31] Safaei AS, Farsad S and Paydar MM. Robust bi-level
optimization of relief logistics operations. Applied
Mathematical Modelling, 2018; 56: 359-380.

[32] Xu G and Li Y. Steady-state optimization of
biochemical systems by bi-level programming.
Computers & Chemical Engineering, 2017; 106:
286-296.

[33] Wei C, Xu J, Liao S, et al. A bi-level scheduling model
for virtual power plants with aggregated
thermostatically controlled loads and renewable energy.
Applied Energy, 2018; 224: 659-670.

[34] Esmaeili M, Aryanezhad MB and Zeephongsekul P. A
game theory approach in seller-buyer supply chain.
European Journal of Operational Research, 2009; 195:
442-448,

[35] Wang M, Zhang R and Zhu X. A bi-level programming
approach to the decision problems in a vendor-buyer
eco-friendly supply chain. Computers & Industrial
Engineering, 2017; 105: 299-312.

[36] Jaber MY, Glock CH and El Saadany AMA. Supply
chain coordination with emissions reduction incentives.
International Journal of Production Research, 2013;
51(1): 69-82.

[37]1 Yidirmaz C, Karabati S and Saym S. Pricing and
lot-sizing decisions in a two-echelon system with
transportation costs. OR Spectrum, 2009; 31(3):
629-650.

[38] Wongsinlatam W and Buchitchon S. Criminal cases
forecasting model using a new intelligent hybrid
artificial neural network with cuckoo search algorithm.
IAENG International Journal of Computer Science,
2020; 47(3): 481-490.

[39] Bindu GBH, Ramani K and Bindu CS. Optimized
resource scheduling using the meta heuristic algorithm
in cloud computing. IAENG International Journal of
Computer Science, 2020; 47(3): 360-366.

[40] Storn R and Price K. Differential evolution-a simple
and efficient heuristic for global optimization over
continuous spaces. Journal of Global Optimization,
1997; 11(4) : 341-359.

[41] Fan Q, Yan X and Zhang Y. Auto-selection mechanism
of differential evolution algorithm variants and its
application. European Journal of Operational Research,
2018; 270(2): 636-653.

Volume 51, Issue 1: March 2021





