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A B S T R A C T

Green growth is becoming an important mode for the sustainable operation of economy and society in the world.
All countries are developing innovative methodologies to achieve green growth. Particularly, inventory and
pricing are important technologies for companies’ leadership to make decisions. The increasingly polluted en-
vironment has made sustainable utilization of resources and environmental protection more urgent, however,
there is very little literature studying inventory and pricing from a green growth perspective. To fill this gap, we
consider both inventory and pricing decisions for companies under different green growth mechanisms. We first
consider the single period inventory model with a remanufactured supplier and the government subsidy for
single and dual sourcing system, respectively, further derive the optimal order decisions for the retailer. Then,
we assume the customers are environmentally sensitive and there is a green supplier in the market, examine the
optimal pricing decisions for the retailer using the two-stage optimization method. We explore the value of the
recycling supplier and government subsidy in the numerical study; furthermore, we examine the influences of
the green degree of product on the optimal price decisions for different products. One interesting finding is that
the retailer should order more green products no matter how expensive it is, as long as the customers in the
market are environmentally sensitive.

1. Introduction

Innovative technology for green growth is becoming urgent due to
environmental problems caused by industrialization have increasingly
attracted the attention of the government and the public, and the
government has paid more and more attention to enhancing the en-
vironmental awareness of enterprises (Yang et al., 2017; Song et al.,
2018). As the environmental management system (EMS) matures, en-
vironmental considerations can be integrated into all business deci-
sions. Due to the increasingly stringent environmental requirements of
the government and the public, producers of supply chains have to start
focusing on environmental performance. Production of green products
usually involves recycling. Waste products are recycled and re-
manufactured, turn into new products, which can realize the reuse of
resources and reduce environmental pollution. Consumers are increas-
ingly aware of the environmental impact of products, thereby some
regulations related to resource recycling and production of green pro-
ducts has arisen (Yang et al., 2018; Winslow et al., 2018).

Green products with an environmental label, which is a notarized
appraisal of the environmental performance and a comprehensive
evaluation of the environmental quality of products. The environmental
label is the green identity card of products for enterprises, and it is very
helpful for enterprises to get government support and consumer trust as
well as carry out green marketing smoothly. If the enterprise obtains
the green sign, it means that production, use, and treatment process of
the product meet the requirements of environmental protection, no
harm to human health, and its salvage is harmless, in favor of the re-
source regeneration and recycling. Producers often put a small invest-
ment in green innovation research and development because of in-
sufficient funds, and the price of green products is often higher,
producers are difficult to obtain a favorable competitive position in the
market, resulting in an insufficient motivation to produce green pro-
ducts. The development of green products is inseparable from govern-
ment support. In order to deal with the predicament of the development
of green products, the government usually uses the subsidy to stimulate
the production of green products and has achieved significant results.
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Remanufacturing is a reflection of green growth technology.
Although the negative impact of remanufactured products on the en-
vironment is significantly lower, consumers have low chance of ac-
cepting these products. Thus, the governments, especially in developing
countries usually provide subsidies to remanufacturers to facilitate the
remanufactured products use more. For instance, in China, if the re-
manufacturers recycled and remanufactured the used products, the
Chinese government will provide a subsidy for such remanufactures to
encourage the remanufacturers’ environmental action (Zhao et al.,
2018). Even some remanufacturers give some part of their subsidies to
customers to appeal to customers to use remanufactured products. Thus
the government subsidy may not cause the cost reduction of the re-
manufacturers, whereas it can stimulate the protection of the en-
vironment. Based on this, how to decide the amount of the government
subsidy for the remanufacturers is still a difficult problem.

Pricing and inventory policies as innovative technologies are very
important for companies when they are making decisions. In this paper,
we are based on inventory and supply chain system, consider the op-
timal order and pricing policies at the different environmental protec-
tion perspectives. First, we consider a single sourcing system, which has
only one retailer and one supplier, compute how many products the
retailer should order from the supplier through a classical newsvendor
approach. Next, we consider the case that the products can be recycled,
which is equivalent to the two suppliers (one of them is the re-
manufacturer) in the marker. In such situation, how do retailer make
order decisions from two supply options? Then, we study the case
where the retailer's order policy when there are two different suppliers
in the original market, one of the suppliers is recycling supplier, who
can receive the government subsidy if he/she provides retailer pro-
ducts. Finally, we consider another green growth mechanism, where
one of the suppliers provide green products to the retailer, while an-
other supplier provide a common product, the retailer provides two
different products to customers. Customers are sensitive to different
products. In such cases, we study how retailer make pricing strategy for
different products.

To achieve research goals, we organize the remainder of the paper
as follows. In Section 2 we review related literature. The classical
newsvendor problem with or without a remanufactured supplier, and
government provide the subsidy for the remanufactured supplier are
presented in Section 3. In Section 4 we study the pricing strategy of the
retailer when considering another green growth mechanism-green
product. Section 5 concludes.

2. Literature review

There are mainly two research streams related to our works, i.e.,
inventory problem with environmental concerns and supply chain
management with environmental concerns. It is very significant for
companies to decide how much inventory to hold and how much to
order from a supplier. Pricing decision often occurs in supply chain
management, and pricing decisions of the companies are also critical.

There are several researches studying inventory problem with en-
vironmental impact. Van Der Laan (1997) presented an experimental
analysis to examine the effects of remanufacturing on inventory control.
Van Der Laan et al. (1999) studied an inventory control problem in a
special system where the manufacturer has remanufacturing cap-
abilities. Mahadevan et al. (2003) considered a remanufacturing
equipment that receives recycling products which are as same as new
products follows a Poisson process, derived some counter-intuitive
conclusions and checked the performance of the heuristic policy on a
set of examples. Roy et al. (2009) considered an inventory system with
remanufacturing for a single product in a finite horizon, and assumed
that the remanufactured products are regarded as completely new. El
Saadany and Jaber (2010) presented deterministic mathematical
models for multiple remanufacturing and production cycles. Hua et al.
(2011) studied the firms manage carbon footprints in an inventory

system and got the optimal policy. Bouchery et al. (2012) studied the
constraints of carbon emission based on a traditional economic order
quantity (EOQ) model. Similar researches are inducted by Chen et al.
(2013) and Absi et al. (2013). Jaber et al. (2013) constructed a man-
ufacturer-retailer supply chain model and used a classic inventory ap-
proach to examine the performance of various emission trading me-
chanisms such as carbon tax and emissions penalty. A stochastic
inventory problem is studied by Song and Leng (2012), they considered
the one-period production problem under different carbon emission
policies and obtained the optimum production quantity. In our paper,
we focus on single-period, single sourcing and dual sourcing inventory
model with green growth mechanism. Rosič and Jammernegg (2013)
considered the environmental impact of transport and carbon emission
limit by constructing a dual sourcing newsvendor model. Arıkan and
Jammernegg (2014) studied the carbon footprint constraint problem of
products based on a classic one-period inventory model.

The second research stream is supply chain management with en-
vironmental concerns. Considering sustainability development problem
in the supply chain management field is increasingly important
(Castillo et al., 2018). Some literature from different perspectives, such
as operational, enterprise decision and environmental protection to
study supply chain management problems (Guide et al., 2000; Guide
et al., 2003; Savaskan et al., 2004; Mallidis et al., 2012; Fahimnia et al.,
2015; (Ding et al., 2016); Zhu and He, 2017). Recently, various re-
searchers have studied how to use innovative technology to promote
economic green growth and resources’ sustainable management in
production and operations management society. As an example,
Nagurney et al. (2007) considered a problem whose objectives are
maximizing the revenue and minimizing the emissions by constructing
a supply chain model. Govindan et al. (2014) focused on judging ob-
stacles from the perspective of procuring efficiency in a green supply
chain. Ma et al. (2013) explored the role of consumption subsidy pro-
vided by the government on improving supply chain performances and
showed that all the consumers that choose to buy the remanufactured
products are winners of the subsidy provided by the government in
different degrees. Sheu and Chen (2012) constructed a game theory
model (which is three stage) to analyze the influences of government
economic intervention on supply chain green management.
Gunasekaran et al. (2015) reviewed the existing research on the green
supply chain management, environmental protection awareness and
sustainability operation, thereby proposed an abstract conceptual
model to indicate the relevance between the above three variables
using manufacturing firms of Malaysian as an example. Li et al. (2016)
considered a green dual channel supply chain and showed that the
greening costs of products have significant influences on the decisions
of green degree and the retail price. Carvalho et al. (2017) proposed a
mathematical model to provide managerial insights for the decision
maker to improve the efficiency of the supply chain, and showed that
not all firms can be completely lean or green in the supply chain con-
text. Xu and Wang (2018) studied the decisions in a closed-loop supply
chain with pollution reduction and retailer recycling behavior. Ghadimi
et al. (2019) analyzed the published research works in Resources,
Conservation and Recycling journal in the setting of the sustainable
supply chain, expounded the present situations, future challenges, de-
velopment directions and chances for sustainable operations. Recently,
several other studies involve the green supply chain management
(Coskun et al., 2016; Carvalho et al., 2017; Tseng et al., 2018; Tseng
et al., 2019).

The contributions of this paper are threefold. First, provide the
optimal order policies for the retailer based on single sourcing news-
vendor approach with or without recycling supplier. Second, we extend
the single sourcing setting to dual sourcing newsvendor system when
the government subsidy are considered. Finally, investigate the pricing
decisions for the retailer when the customers are sensitive to the en-
vironmental protection products, i.e., green product, and the green
degree will conversely affect demand comes from sensitive customers.

Q. Wang, et al. Resources, Conservation & Recycling 145 (2019) 78–85

79



3. Inventory control with environmental concerns

In this section, we study the inventory policies under different in-
ventory systems: single sourcing inventory system with and without
remanufactured supplier who can lead to green growth, and dual
sourcing inventory system with government subsidy.

3.1. Single sourcing system without remanufacturing

We first consider the classical single sourcing newsvendor problem,
which is a classical one-period inventory control problem. Before the
selling season, demand, denote as D is a nonnegative random variable,
which distributed as a cumulative distribution function F(.) and density
function f(.). Denote the order quantities of the retailer as q units, which
comes from the supplier with the ordering cost is c per unit and the sale
price is p per unit. In a selling horizon, if the order quantities of the
retailer is larger than the realized demand, some excess inventory
(leftovers) will be left and which can be sold to the customers at the
price (salvage cost) s per unit; If q is less than the demand, overmuch
demand will be lost (lost sales). To make the model meaningful, we
supposed that s < c < p. Denote the leftovers as L1(q) and lost sales as
L2(q), then we have

 ∫= −L q q x f x( ( )) ( ) ( ) dxq
1 0

and

 ∫= −∞L q x q f x( ( )) ( ) ( ) dxq2

Then, the expected profit denoted as Π(q) of the retailer is

= − − −q p c q p s L qΠ( ) ( ) ( ). ( ( )).1

Obviously, Π(q) is concave with respect to q. Thus the optimal q* is
given by newsvendor fractile as follows

=
−
−

− ( )q F
p c
p s

* .1

(1)

This is the optimal order policy in a single sourcing inventory model. In
such a model, we assumed that the retailer makes order decision from
the supplier before the selling horizon, and no other ordering once the
initial order decision is made.

3.2. Single sourcing system with remanufacturing

In practice, many old or waste products can be reprocessed and then
be reused. In this section, we consider an inventory system with only
one initial supplier, where the waste products can be recycled and re-
manufactured, thus the classical single sourcing system becomes a two
sources system. It is convenient to imagine that there are two managers
(suppliers), one supplier only provides products that completely new to
the retailer while the other can recycle the waste products and sell it to
the retailer after reprocessing, which becomes a dual sourcing in-
ventory model. Since the waste products need to be reprocessed and
then sell it to the customers, thus the orders from the recycling channel
will be cheap but slow while the orders from the initial channel are
expensive but fast. Here, the recycling channel is called the regular
supplier and the initial channel is called the emergency supplier. The
regular (recycling) supplier only sell products before the selling horizon
and the demand is random. We assume that the emergency (initial)
supplier not has capacity constraints and could respond rapidly when
demand changes. In fact, we can regard the emergency supplier as
backup one to satisfy the excess demand which can not be fulfilled by
the regular supplier. Of particular note is the order decision of the
regular supplier should be finished before demand is known whereas
the orders from the emergency supplier are decided until the actual
demand is realized. Such an order sequence is quite common, for ex-
ample, purchase new electronic products with old products by offering

a price difference.
Recycling system framework that we considered as shown in Fig. 1.

In such a recycling system, the products are sold at the same sale price
of p per unit, but the acquisition prices of two suppliers are different.
Denote the acquisition price (order cost) from the recycling channel as
cr while the acquisition price from the initial channel as ce. Since the
products from the recycling channel are reprocessed, so the acquisition
price from such channel is usually low, that is cr≤ ce. Let ≐ −c c c˜ e r be
the premium cost per unit. Assume that excess inventory which ascribes
to the recycling retailer could be sold at a salvage value s per unit at the
end of the sales horizon. Similarly, we assume p > cr > s. All the
notation are summarized in Table 1.

Let π(qr, x) be the retailer's profit, which depends on the order
quantity qr from the recycling channel and the realized demand x, then
we have

= ⎧
⎨⎩

− + − ≤
− − − >

π q x
c q s q x x q
c q c x q x q

( , )
px ( ) if
px ( ) if

r r
r r r

r
r

e
r r (2)

When x≤ qr, the demand is fulfilled only by the recycling supplier
and any excess inventory is able to be processed with the salvage value s
per unit. For x > qr, the recycling supplier can not satisfy the outside
demand, thus some other orders from the initial emergency supplier are
placed to satisfy the excess demand. Denote π(qr) as the retailer's ex-
pected profit, which is given as follows



  

∫ ∫

=

= − + − + −

− −
= + − − − −

∞

+ +

q π q x

c q s q x f x c q

c x q f x
p X s q X c q c X q

Π( ) [ ( , )]

(px ( )) ( )dx (px

( )) ( )dx
( ) ( ) ( )

r r

q
r

r r
q r

r

e
r

r
r

r
e

r

0

r
r

(3)

Which relies on the order quantity from the recycling channel qr and a
random demand variable X. Here, (x)+=max(x, 0) and (.) means the
expected value. Eq. (3) means that the expected profits composes of the
incomes with p selling price per unit during the selling horizon and the
total salvage value with s per unit at the end of the selling horizon,
minus the ordering cost from the recycling supplier and the ordering
cost from the initial emergency supplier with ce per unit.

The above problem is a newsvendor problem with a remanufactured
supply option. We can imagine such case: when there is out of stock,
some customers may choose to wait until their demand is satisfied with
an initial (emergency) supply option. The above extended newsvendor
problem is solved by Khouja (1996).

Using Leibniz's rule, we can get the first and second derivatives of
the Π(qr) with regard to qr as follows

∫ ∫= − + −
∞d q

s c f x c c f x
Π( )
dq

( ) ( )dx ( ) ( )dx,
r

r r
q

e r q0

r

r (4)

= − <
d q

dq
s c f q

Π( )
( ) ( ) 0,

r

r e
r

2

2 (5)

we can show that Π(qr) is concave. Let ∫=F q f x( ) ( )dxq
0 , because of

continuity, ∫− = ∞F q f x1 ( ) ( )dxq , denote q
*
r as the optimal order

quantity from the recycling channel, then the sufficient optimality
condition is

Fig. 1. Recycling system.
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= −
−

− ( )q F c c
c s*

,r e r

e

1
(6)

which is the well known fractile formula. Fractile −
−

c c
c s
e r
e

is the prob-
ability of the case where the order quantity from the recycling channel
qr is larger than or equal to the actually realized demand. In this paper,
we did not consider the fixed ordering cost and thus the ordering can be
placed anytime. The optimal recycling order quantity depends on the
ordering costs of the two different suppliers and salvage value of the
products incurred by overstocking of products (an excess of supply over
demand). Comparing with newsvendor problem with single supplier, if
the ordering cost difference between two suppliers (ce− cr) is larger
than ce− s, i.e., ce− cr≥ ce− s, the demand is exclusively satisfied by
the recycling supplier; if ce− cr < ce− s, some orders will be placed by
the initial emergency supplier, that is the ordering decision of the re-
cycling supplier is made before the sales start, then the order quantity
from the initial emergency supplier is placed to meet the demand re-
quirement that is not able to be satisfied by the recycling supplier.
Obviously, the expected emergency order quantity, denote as qe, is
given by

= − +q X q( ) .e r (7)

In view of the operation process of dual sourcing system, it can mimic
both single recycling supplier system and single initial supplier system,
thus the ordering policies with two supply choice outperform the po-
licies with only one supply option under expected profit perspective
(see Klosterhalfen et al., 2011). More important, the dual sourcing
strategy can lead to a higher service level. Furthermore, the amount of
the recycling order quantity in recycling system is usually smaller than
that in the inventory system with only one supplier, the reason is that
some demand may be satisfied by the initial emergency supplier. One
direct result can be derived from Eq. (6), the larger ce− cr is, the more
products are ordered from the recycling supplier, as a result of the cost
advantage appeals the retailer orders more from the recycling channel.

In the previous section, we consider the retailer can replenish its
inventory by two suppliers, especially through a recycling supplier.
Such a system based on an original single source system. In reality, the
market always has more than one supplier. To simplify the analysis,
next we consider the case that the original system has two types of
suppliers, the express and the regular, where the express supplier is
quicker and more expensive, while the regular supplier is cheaper but
slower. We summarize all the notations in Table 1.

3.3. Dual sourcing system with government subsidy

In this section, we consider a dual sourcing system based on the
green growth perspective, which refers to the mode of economic growth
in which natural resources can be used in a sustainable way. The rea-
lization of green growth is far from enough to rely on the strength of the
government, it also requires the whole society to cooperate in order to
achieve the desired goals. In practice, the government always provide a
subsidy for the retailers if they make procurement from a “green”

channel. Assume there are two different suppliers in the market, i.e.,
the regular and the emergency, the regular supplier provides re-
processed products while the emergency supplier provides common
products. At any order period, the retailer can make orders from two
different suppliers. If the retailer makes order decisions from the reg-
ular supplier, whose products are reprocessed by the waste products
that received from the customer, he/she will receive the additional
subsidy from the government to encourage the retailer's environmental
protection consciousness. The government subsidy per product unit is
denoted by a. To understand better, we can regard the order cost per
unit from the regular supplier is cr− a, then the government subsidy
should be included in the retailer's objective function. Similar to (3), the
retailer's expected profit is

  = + − + − − −+ +q p X s q X c q c X qΠ( ) ( ) ( ) aq ( ) ,a a a
r

a
e

a (8)

then the optimal regular order quantity can be derived directly by
simple first-order derivative condition, then we have

= +
−

− ( )q F c a
c s*

.a

e

1
(9)

Here q
*
a denotes the optimal regular ordering when we considering the

government subsidy. Obviously, with increasing the government sub-
sidy a, which is equivalent to the cost advantage between two suppliers
is increasing and the retailer will order more from the regular supplier.
Thus, the government can control the recycling order quantity by ad-
justing the size of the subsidy.

4. Price decisions with green products

In the preceding section, we analyze the order policies under the
single sourcing inventory system and dual sourcing inventory system
with environmental protection concerns. We do not consider the cus-
tomers’ sensitivity on the different products ordered from the various
channel, i.e., consumers are assumed to be insensitive to the green
“product” and thereby decide the order quantities from two different
suppliers. In reality, the consumers always prefer to green product due
to their environment conservation consciousness. We can regard the
remanufacturered product mentioned above as the green product. In
this section, we consider there are two suppliers and an independent
retailer in the market. Supplier 1 provides green product while Supplier
2 provides conventional product to the same retailer who sells two
types of products to customers. We assume customers of the market are
sensitive to products, i.e., some part of customers are more willing to
purchase green products.

Following Choi (1996),McGuire and Staelin (1983), Kurata et al.
(2007), we suppose the demand functions of the sensitive and the in-
sensitive customers are liner in prices and green degree of the products,
then the demand functions can be written as below:

= − + +D θa b p n p k g1 1 1 1 2 1 (10)

= − − + −D θ a b p n p k g(1 ) ,2 2 2 2 1 2 (11)

Table 1
Notation

Description Description

F(.) Cumulative distribution function f(.) probability density function
p Selling price of product in inventory system q Order quantity without remanufacturing
c Order cost without remanufacturing s Unit salvage cost of leftover inventory
L1(q) leftover inventory L2(q) lost sales
x Realized demand ce Order cost from initial supplier
cr Order cost from remanufactured supplier (.)+ max(. , 0)
qe Order quantity from initial supplier qr Order quantity from remanufactured supplier
a Value of government subsidy qa Order quantity from remanufactured supplier with government subsidy
p1 Selling price of product 1 p2 Selling price of product 2
g Green degree of product 1 θ Loyalty degree of supplier 1
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where D1 represents the demand to the product 1, i.e., green product,
D2 is the demand to the conventional product. a means the level of base
demand, the share of this base demand comes from Supplier 1 is θ.
Denote a1= θa and a2= (1− θ)a, a1 and a2 represent the base demand
to the two products, obviously a1= a2 if the base demand provided by
two suppliers are same. p1 and p2 represent the selling price of two
products. Note that g represents green degree of product, customers that
have environmental protection awareness will purchase more green
product as g increases. To make model simple, the cross-price effects are
supposed to be symmetric, i.e., n1= n2= n. Obviously, b1≥ n, b2≥ n
and k1≥ k2. Denote c0 is the cost by ordering from the general supplier
(Supplier 2), and the order cost of the retailer from Supplier 1 is ex-
pected to increase in the quoted green degree g, to simplify model, the
order cost of the retailer from the Supplier 1 is denoted as c0+ αg. For
the model to make sense, from D1≥ 0 and D2≥ 0, we have

+ ≤ ≤ +c αg p A g M ,0 1 1 1 (12)

≤ ≤ +c p A g M ,0 2 2 2 (13)

where = = = =−
−

−
−

+
−

+
−

A A M M, , ,k b k n
b b n

k n k b
b b n

a b a n
b b n

a n a b
b b n1 2 1 2

1 2 2
1 2 2

1 2 1
1 2 2

1 2 2
1 2 2

1 2 1
1 2 2 . The

retailer's profit is determined by

= − − + −

= − − − + + + − −

+ −

p c αg D p c D

p c αg a b p k g p c a b p

k g

Π ( ) ( )

( )( np ) ( )(

np )

r 1 0 1 2 0 2

1 0 1 1 1 2 1 2 0 2 2 2

1 2

(14)

Next, we analyze the price decisions of the retailer and his optimal
profit as the green products and sensitive customers are considered. To
maximize the profit of the retailer, we have the first proposition as
follows.

Proposition 1. The profit of retailer Πr is strictly jointly concave in p1 and
p2, but not jointly concave in p1, p2 and g.

Proof. According to (14), we deriving the partial derivatives of Πr in
respect of p1 and p2, then we get the following determinant of Hessian
Matrix

=
−

−
= − >

∂
∂

∂
∂ ∂

∂
∂ ∂

∂
∂

b n
n b

b b n
2 2

2 2
4 4 0,

p p p

p p p

Π Π

Π Π
1

2
1 2

2

r r

r r

2

1
2

2

1 2
2

2 1

2

2
2

and = − <∂
∂

b2 0
p
Π

1
r2

1
2 , thus Πr is strictly jointly concave in p1 and p2.

=
− +

+ −
= − +

∂
∂

∂
∂ ∂

∂
∂ ∂

∂
∂

b k αb
k αb αk

αk b k αb
2

2
4 ( ) ,

p p g

g p g

Π Π

Π Π

1 1 1

1 1 1
1 1 1 1

2

r r

r r

2

1
2

2

1
2

1

2
2

the above equation may be negative, thus Πr is not jointly concave in p1,
p2 and g. □

Proposition 1 shows that we can not obtain the optimal p1, p2 and g
only by first-order derivative. But given g, the optimal p1 and p2 can be
computed by simple first-order condition. Thus, we use two-stage op-
timization method, that is, we first compute the optimal p1 and p2 given
g, then optimize g to maximize the retailer's profit Π(g).

Proposition 2. For any given g, the optimal p1 and p2 are given by

= + + +p g A g αg M c* ( ) 1
2

( ),1 1 1 0 (15)

= + +p g A g M c* ( ) 1
2

( ),2 2 2 0 (16)

which satisfies (12) and (13), and the optimal retailer's profit is

= − + − − + − +

+ + − − + + − +

[
]

g A g αg M c k g αb g b c a

A g M c k g α b c a

Π*( ) 1
4

( )( nc )

( )( n g nc ) .

r 1 1 0 1 1 0 1 0 1

2 2 0 2 0 2 0 2 (17)

Proof. Computing the partial derivative of Πr in respect of p1 and p2,
then

⎧

⎨

⎪⎪
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From (12) and (13), we have
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thus, p *1 and p *2 satisfies the constraints (12) and (13). Substitute (15)
and (16) into (14), (17) is obtained. □Note that clearly the green
degree of product 1 g has an upper bound, denote it as g∈ [0, u]. g=0
represents the green degree as zero, in such case, product 1 becomes a
conventional product, which is the same as product 2. By proposition 2,
to find the optimal g to maximize Πr(g), we compute the partial
derivative of Πr(g) in respect of g, then the optimal green degree g
can be found from these choices, i.e., the value such that the first-order
be zero, g=0 and g= u. Denote the optimal green degree as g*, then
the optimal retail price for two products and retailer's profit are derived
by (15) and (16) directly.

Furthermore, we can examine the effects of the green degree g on
the optimal retail price p g* ( )1 and p g* ( )2 . Differentiate p g* ( )1 and p g* ( )2

in respect of g, we find ≥∂
∂ 0p g

g
* ( )1 , and ≥∂

∂
∂

∂
p g

g
p g

g
* ( ) * ( )1 2 , which means p g* ( )1

increases with g is increasing, the reason is that an increase in g directly
lead to ordering cost from supplier 1 increase, thus its selling price will
increase. ≥∂

∂
∂

∂
p g

g
p g

g
* ( ) * ( )1 2 means the effect of green degree g on p g* ( )1 is

larger than on p g* ( )2 , the reason is that g has a direct influence on de-
mand from supplier 1 while has a cross-influence on demand from
supplier 2.

5. Numerical study

A numerical experiment is implemented in this section to obtain
more insights based on our previous single period inventory systems
with environmental protection concerns and supply chain system with
green products. We first analyze the value of adding a recycling supplier
for the single sourcing system, then investigate the impact of the gov-
ernment subsidy on the order decision of the retailer. Finally, we ex-
plore the optimal green level of “green” supplier and the price decisions
for the retailer with the system parameters θ and α change.
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5.1. Value of recycling supply mode

We first explore the order quantity and expected profit of the clas-
sical single inventory system with and without remanufactured (re-
cycling) supplier. Note that the single sourcing system with one more
recycling supplier equals a dual sourcing system. We set the basic
parameters sets in inventory systems as in Table 2

Varying the order cost from the recycling supplier cr and keeping the
other parameters fixed, we can get the optimal profit and order quantity
for the retailer. Summarize the results and present it in Table 3.

From Table 3, we can observe that when there is only one supplier
in the system, the optimal expected profit is always lower than the
systems with recycling supplier. And as the order cost of the retailer
from the recycling supplier cr is increasing, the optimal retailer's ex-
pected profit will decrease. We claim that the used products through
recycling and remanufacturing, then are sold to the retailer, which are
not only beneficial to environmental protection but also making the
retailer's expected profit increase.

5.2. Value of government subsidy

In this section, we study a system with two suppliers in the market

and one of these two suppliers provides environmental protection
products to the retailer, and the government provides a subsidy to such
supplier to encourage his environmental protection act. We investigate
the retailer's optimal expected profit and order quantity. Define

= −κ . 100%q q
q

Π( ) Π( )
Π( )

a 0

0 , where q0 is the optimal order quantity and Π(q0)
is the optimal retailer's expected profit without government subsidy. κ
represents the difference of the optimal retailer's expected profits be-
tween the systems with and without government subsidy. We present
the numerical results in Table 4.

Table 4 indicates that as the government subsidy increases, the re-
tailer's optimal expected profits will increase. In reality, the recycling
supplier's subsidy received from the government sometimes transfer to
the retailer, to appeal retailer orders more products from recycling
channel. Obviously, the government subsidy can promote environ-
mental protection and increase the retailer's expected profits.

In Sections 5.1 and 5.2, we explore the value of the recycling sup-
plier and the value of the government subsidy based on inventory
perspective, respectively. In the next section, we investigate the re-
tailer's pricing decision under the condition where the customers are
assumed to be sensitive to the products’ green degree.

5.3. Price and green degree decisions

We conduct a numerical example to derive the optimal green degree
of product 1 and analyze the impacts of the green degree on the pricing
decisions of two different products and the retailer's optimal profit. The
basic parameters we used as follows: θ=0.5, a=1000, b1= 20,
b2= 20, α=0.5, n=5, k1= 10, k2= 5, c0= 20 . We explore the im-
pacts of system parameters θ and α on the optimal green degree and the
optimal pricing decisions for two different products. The results are
listed in Figs. 2 and 3. Fig. 2(a) shows that as θ (the loyalty to the
product from supplier 1) increases, the optimal green degree will de-
crease. The reason is that although the base demand increases as θ
increases, the Supplier 1 do not increase the green degree to appeal
more demand whereas reduce the products’ green degree to lower the
production cost. In Fig. 2(b), counter-intuitively, we can see that the
optimal prices for two different products are all decreasing with the
loyalty to Supplier 1 channel θ is increasing. The reason is that the
demands from the two suppliers are not only affected by the prices of
two products but also depend on the green degree of green product. As
θ increases, green degree g is decreasing, thus the price of product 1 is
decreasing, even the green product's loyalty θ increases. Price of pro-
duct 2 decreases slowly, this is because of the simultaneous influences
of the loyalty to green product θ and cross-effect of green degree g.
Fig. 2(c) shows that the retailer's optimal profit will significantly de-
crease as θ is increasing. Indeed, green products can promote en-
vironmental protection, but the development of green products is
costly. We should work together to protect the environment and share
costs.

Fig. 3 investigate the sensitivity coefficient to green degree of

Table 2
Base case parameters

Selling price of product in inventory system p 15
Order cost without remanufacturing c 10
Unit salvage cost of leftover inventory s 5

Order cost from initial supplier ce 10
Order cost from remanufactured supplier cr 8

Demand function F(.) Unif(50,250)
Selling price of product in inventory system p 15

Table 3
Results of systems with and without recycling supplier

cr q* qr Π(q*) qΠ(
*

)r

2 150 250 187.5 2531.25
4 150 250 187.5 2031.25
6 150 250 187.5 1501.25
8 150 130 187.5 1061.25

Table 4
Numerical results with different government subsidy

a q0 Π(q0) qa Π(qa) κ

0.5 130 1061.25 150 1156.25 8.95
1 130 1061.25 170 1261.25 18.85
1.5 130 1061.25 190 1376.25 29.68
2 130 1061.25 150 1501.25 41.46

Fig. 2. (a) Optimal green degree of supplier 1. (b) Optimal prices for two products. (c) The optimal profits for retailer.
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production cost, i.e., α, which means when the green degree of product
1 increases one unit, the production cost of product 1 will increase α
units. Fig. 3(a) shows the optimal green degree is increasing as α in-
creases. This is counter-intuitive. We can explain as follows: as α in-
creases, the production cost of product 1 will increase, this will de-
crease g. The increase of green degree g will cause demand increase,
thereby affect the profit of the retailer, thus the final comprehensive
result is the green degree g is increasing with α is increasing, this leads
to the profit increase of supplier 1. Also, the optimal price of product 1
will increase significantly, as shown in Fig. 3(b) and the price of pro-
duct 2 change slowly. Fig. 3(c) indicates the optimal profit of retailer is
increasing as α increases, thus the retailer should order more green
product no matter how expensive it is, as long as the customers in the
market are environmental sensitive.

6. Conclusions

This paper studies the green growth problems for companies based
on inventory and supply chain system. We consider single period in-
ventory model with recycling action and the government subsidy for
one and two supply options systems, respectively. We give the optimal
order decisions for the retailer under the different green growth action
under the assumption that customers believe two supply channel pro-
vide the same products. In reality, customers are sensitive to the green
product. Thus, we consider the retailer's optimal pricing strategies and
the optimal green degree decision for “green” supplier under the supply
chain perspective. Inventory and pricing are important for companies to
make decisions.

We can derive the retailer's optimal order quantity by newsvendor
fractile. When considering the recycling supplier, the order decision
relies on the cost difference between the two supply options. The larger
the cost difference, the more orders are placed through recycling sup-
plier. Government subsidy is a green growth mechanism, which can
stimulate companies to use environmentally friendly products. Green
degree of product, in turn, affect the demand of environmental sensitive
customers and the supplier should decide the quote green degree.

This work contributes more insights not only on economic criteria
but environmental concerns. For example, which provides a guild for
firms on how much to order from various supply channel and how
much the price to sell to the customers as to different products. Some
other directions are worth pursuing in future research. First, we derive
the inventory and pricing policy separately, how about the decision for
companies jointly consider the inventory and pricing? Second, all de-
cisions are derived in a single period, what happens for the companies if
the model is extended to multi-period? Third, some other green growth
mechanism, such as carbon emission, could be studied in future work.
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