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Abstract: Today, complex consumer purchase decisions affect company revolution, especially that
dealing with environmental (green) innovation. Consumer preferences and pricing could interact in
influencing green innovation. This situation is especially vital in industries that are characterized
with many safety concerns that urge collaborative development between consumers and companies,
such as the food industry. The aim of this paper is to explore the influence of the change in consumer
preference characteristics on the green innovation efforts of the food supply chain, introducing
the green preference of consumers and the reference price effect. A differential game model of
green innovation in the food supply chain is constructed in this paper and solved. It was found
that the change in consumer preference characteristics is an important factor to motivate supply
chain members to make green innovation efforts. With the enhancement of consumer preference
characteristics, the Pareto improvement effect of cost-sharing contracts on the profits of supply chain
enterprises is clearer. Further, manufacturers can stimulate suppliers’ green innovation efforts through
cost-sharing contracts. When the marginal profit ratio of food supply chain members reaches a certain
threshold, the incentive effect of this cost-sharing contract is more significant, and it is more likely to
realize the optimal profit of the food supply chain.

Keywords: food supply chain; green innovation; green preference; reference price effect

1. Introduction

Green innovation in the food supply chain is an innovative activity for manufacturers or suppliers
in the food supply chain to reduce the energy consumption or emission of production processes
by applying green product design, green materials and green production technologies [1,2]. It is
an important measure to protect the ecological environment and accelerate the construction of a
resource-saving and environment-friendly society in developing countries—it is taken as a necessary
means to enhance competitiveness and gain competitive advantage [3] for enterprises, which attracts
the extensive attention of researchers. Studies range from addressing the motivating factors of green
innovation in the food supply chain [4–6] to the relative macro perspective of environmental regulation,
technological change and market demand. Most studies are focused on relatively micro supply chain
systems and include multi-agent decision-making mechanisms. Issues include whether cooperation
and coordination among the main actors in the supply chain system can affect the results of green
innovation [7] and how this can be achieved using methods such as cost-sharing contracts, wholesale
price premium contracts and revenue-sharing contracts, etc. [8,9]. Generally speaking, most of the
existing studies first address the supply side of green products and explore the driving factors and
coordination methods for the green innovation efforts of enterprises [10,11].
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However, the efficiency and sustainability of green innovation in the food supply chain are also
affected by consumer preference characteristics and purchase decisions at the demand side. This
follows the market diffusion and technological evolution of new technologies or products in other fields.
It is especially true in the Chinese market, where the concept of green and sustainable development is
gradually popularized. Consumer behaviors including risk aversion [12], low carbon preference [13],
initial reference level [14] and information asymmetry [15] in green product purchase affect consumer
purchase decision in terms of green innovation products and further affect the performance results of
the green innovation efforts of food supply chain members.

Therefore, some researchers included consumer behavior preference in the green innovation
decision-making process of the supply chain [16,17] and studied its effect on the green innovation
efforts of supply chain enterprises [18,19]. It was found that green innovation is significantly related
to consumer purchase intention and that consumer demand for green products in the food supply
chain directly affects the green innovation efforts of enterprises. Consumers’ green preference can be
used to implement green operation policy, and this can even help to gain additional market shares for
companies with green strategies [20,21]. In this process, the reference price of traditional products not
only affects consumer purchase decision, but also affects competitors’ strategic behavior [22,23], which
may also interact with other characteristics of consumer preference. That is to say, when the product
cost is pushed up by green innovation in the food supply chain and eventually shifts to the price of
green products, consumers may have a very high reference price effect on green products due to the
existence of the reference price effect. This effect can only be compromised by the intervention of other
factors that consumers will prefer and even loyalty to products provided by green innovation in the
supply chain [24,25].

With consideration of consumer preference characteristics at the demand side, it is worthwhile to
re-discuss the pricing decision [26], product quality decision [27], equilibrium and competition [28,29],
contract coordination [30,31] and other issues, because all of these factors may change in the green
innovation of the food supply chain. This is especially true when new impacts on green innovation
decision making in the food supply chain are created due to a change in consumer preference
characteristics, and enterprises are more keen to cooperate with consumers to build and cultivate a
green innovation system [32]. Today, consumer purchase decision has become increasingly complex.
Consumer preferences and companies’ pricing could interact to influence green innovation. This
situation is especially vital in industries that are characterized with many safety concerns that urge
collaborative development between consumers and companies, such as the food industry. Based on
this, the most basic elements of consumer preference characteristics, green preference and the reference
price effect caused by the green preference, will be introduced in this paper. The independent and
interactive effects of these two factors on the green innovation efforts of manufacturers and suppliers
will be explored. We will also explore how manufacturers and suppliers can improve the profit level
of a food supply chain system. Practical reference for managerial decisions will be discussed with
the practices of cost-sharing contracts and coordination mechanisms on green innovation under the
influence of the two aforementioned factors.

2. Problem Description and Model Hypothesis

2.1. Problem Description

In this paper, a two-level food supply chain consisting of upstream intermediate product suppliers
(s) and downstream monopolized final product manufacturers (m) is constructed. Suppliers and
manufacturers improve the green level of the whole food supply chain by arranging innovative activities
such as using clean energy in production processes, introducing recyclable materials, developing
new processes to reduce emissions and energy consumption, or conducting technology research and
development and production. There are also other innovation products such as new products with
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low emission, recyclable products with other green properties, and ecological labels that are used to
convey green information to consumers.

Due to increased consumer awareness of environmental protection and sustainable development,
products with green labels or ecological labels may be more popular in the market and may lead
to higher sales revenues for manufacturers. In general supplier–manufacturer relationships, any
incremental revenues mainly benefit the manufacturer, while the supplier can only obtain some indirect
benefits, which limits the incentive of suppliers. However, the cost of green innovation is relatively high,
and the process of innovation is uncertain. Manufacturers often hope that suppliers can make more
efforts in terms of green innovation to effectively alleviate financial pressure and reduce the investment
risk. In return, manufacturers are willing to provide certain subsidies for the green innovation efforts
of suppliers, through cost-sharing contracts, so as to stimulate green innovation enthusiasm among
suppliers and encourage suppliers to adopt the green strategy. At this stage, the green innovation
process in the food supply chain is shown as the Figure 1.

Figure 1. The green innovation process in the food supply chain.

2.2. Symbolic Explanation

This section refers to the definitions and specifications of the food supply chain field and defines
and explains the common variables involved in the later supply chain game demonstration. These
variables will be commonly used in the later demonstration process. The remaining parameters or
variables in the paper will be further explained in the model assumptions.

Ii(t) is the level of green innovation efforts of i at time t;
Ci is the green innovation effort cost of i;
ki is the green innovation cost coefficient of i;
φ is the manufacturer’s share of the supplier’s green innovation cost;
Ji is the net present value of the corporate profits of company i at time t;
Π j

i is the profit of company i at time j;
ρi is the marginal profit per unit product of company i;
ρ is the discount rate.
Superscripts j = {n, d, c} represent decentralized decision making under cost-free sharing,

decentralized decision making under cost-sharing and decision-making scenarios under centralized
decision making, respectively.

Subscripts i = {m, s, sc} represent manufacturers, suppliers and food supply chain
systems, respectively.
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2.3. Model Hypothesis

(1) The cost of the green innovation efforts of food supply chain members is related to their level
of green innovation effort. It increases with the increase in the level of green innovation effort, and the
increase rate shows an upward trend. Considering the convexity of the green innovation effort cost, it
is assumed that the green innovation cost of food supply chain members Ii(t) is a convex function
Ci =

1
2 kiI2

i (t), i = m, s. Further, because green innovation belongs to a one-time scientific research
input, it will not affect the fixed production cost of unit products.

(2) The reference price model is based on the combination of memory and stimulus, and it is
assumed that the change in the reference price r(t) of a product obeys the following dynamic equation.

•

r(t) = α[p− r(t)] + β[Im(t) + Is(t)]
r(0) = r0

(1)

r(t) is the reference price of products at time t;
•

r(t) = dr(t)
dt is the change rate of the reference price r(t) at time t;

r0 is the initial reference price of the product i;
α(α > 0) is the “memory parameter” of consumers; the larger the reference price is, the clearer

the short-term memory of consumers in terms of the previous market price and related purchase
experience—α = 0 means that the consumer has no memory of the previous market price of the product;

β(β > 0) is the impact factor of green innovation efforts on the reference price.
(3) On the basis of the classical demand function a − bp, two factors (reference price effect and

consumers’ green preference) are introduced to express consumer demand function for green products
in green supply chain t, and the formula is as follow.

Q(t) = a− bp + δ[r(t) − p] + η[Im(t) + Is(t)] (2)

The above shows that consumer demand for green products is affected by the sales price of green
products, the level of greenness and the reference price of green products. Among them, a(a > 0) is the
potential market demand of green products, b(b ∈ (0, 1)) is the price elasticity coefficient of demand,
and Q.δ(δ > 0) is the reference price coefficient, indicating the sensitivity of consumers to the actual
price and the reference price, which reflects the reference price effect. In special situations, δ = 0 means
that there is no reference price effect. In addition, η(η ∈ [0, 1]) is the consumers’ green level sensitivity
coefficient, which shows the preference level of consumers’ green choice. The greater η is, the greater
the consumer’s preference for green products is.

3. Model Construction and Solution

In this paper, the green innovation efforts of a food supply chain system consisting of a manufacturer
and a supplier are transformed into system optimal control problems. With the help of game theory
and Hamilton–Jacobi–Bellman (HJB) equations, the problems are determined from the dimensions
of centralized decision making, decentralized decision making, and cost-sharing scenarios. Analytic
method selection is based on the following considerations. First is universality. Game theory is a
mathematical theory and method for studying the phenomena of struggle or competition. It is widely
used in the research of supply chain problems. Second is exploratory. This article analyzes the green
innovation efforts of the food supply chain from the perspective of system optimal control. This is
an effective attempt to combine engineering theory with ecological practice. Third is effectiveness.
Starting from a long-term effective mechanism, the scenario of maximizing the profit of supply chain
members and the entire system is discussed separately, which is conducive to proposing an executable
supplier cost subsidy program.

Based on the description of the problem in the previous section, this section further provides an
analysis about whether the cost-sharing contract can make the optimal decision of the manufacturer
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and supplier reach the optimal level in centralized decision making. If the optimal level in centralized
decision making cannot be reached, then the analysis of the cost-sharing contract is required to test
if it can make the optimal decision of the manufacturer and supplier reach the degree of Pareto
improvement, so as to provide the decision-making basis of green innovation efforts in the food
supply chain.

3.1. Centralized Decision Making

With the centralized decision-making method, manufacturers and suppliers in the supply chain
have reached a binding cooperation agreement on green innovation, which provides a decision-making
base for both partners to maximize the profits of the whole supply chain system. So the manufacturers
and suppliers are considered as a whole to determine their optimal level of green innovation efforts
Im(t) and Is(t). Therefore, centralized decision making should be analyzed in the first place, and so the
decision-making problem of the whole supply chain is as follows:

Jc
sc(r, t) = max

Im(t),Is(t)

∫
∞

0
e−ρt{(ρm + ρs)Q−Cm(Im(t)) −Cs(Is(t))

}
dt (3)

In order to obtain the feedback equilibrium strategy of supply chain members, the
Hamilton–Jacobi–Bellman equation (hereinafter referred to as HJB equation) is used to solve the problem.

Referring to the solution of optimal control, it can be seen from Formula (2) that the optimal profit
value function of the supply chain system at time t is

Jc∗
sc(r, t) = max

Im,Is

∫
∞

t
e−ρs{(ρm + ρs)Q−Cm(Im) −Cs(Is)

}
ds (4)

Thus, the optimal profit value function of the supply chain system at time t is transformed into

Jc∗
sc(r, t) = e−ρtVc

sc(r) (5)

At this point, the optimal control problem of the supply chain system satisfies the following
HJB equation.

ρVc
sc(r) = max

Im,Is

{
(ρm + ρs)Q−Cm(Im) −Cs(Is) + Vc′

sc (r)
•
r
}

(6)

By solving the optimal control problem, the optimal level of green innovation efforts of
manufacturers and suppliers can be obtained as follows:

Ic∗
m =

(ρm + ρs)(ρη+ αη+ βδ)

km(ρ+ α)
, Ic∗

s =
(ρm + ρs)(ρη+ αη+ βδ)

ks(ρ+ α)
(7)

If Formula (5) is introduced into the equation of state (1), according to the boundary conditions of
the equation of state, the response function of the consumer’s reference price can be obtained as follows.

rc∗(t) = [r0 − p− β(km+ks)(ρm+ρs)(ηρ+ηα+βδ)
αkmks(ρ+α)

]e−αt + p

+
β(km+ks)(ρm+ρs)(ηρ+ηα+βδ)

αkmks(ρ+α)

(8)

The optimal profit value function of the supply chain system can be obtained as follows.

Jc∗
sc(r, t) = e−ρt(ac∗

1 r + bc∗
1 ) (9)

and ac∗
1 =

(ρm+ρs)δ
ρ+α ,

bc∗
1 =

(ρm+ρs)
ρ

{
a− bp− δp + η(km+ks)[(ρm+ρs)η+βa1]

kmks

}
−

(km+ks)[(ρm+ρs)η+βa1]
2

2ρkmks
+ a1

ρ

{
αp + β(km+ks)[(ρm+ρs)η+βa1]

kmks

} .



Int. J. Environ. Res. Public Health 2019, 16, 5007 6 of 15

3.2. Decentralized Decision Making without Cost Sharing

The analysis of cost-free decentralized decision making can be used to consider the participation
constraints of manufacturers and suppliers in contract design. It also provides a reference basis for the
effect of contract coordination. If the optimal level of centralized decision making is the upper limit of
contract coordination, then the optimal level of decentralized decision making without cost sharing is
the lower limit of profits of all parties in contract coordination. With decentralized decision making
without cost sharing, manufacturers and suppliers can make decisions independently to maximize
their respective profits.

The decision-making problems of manufacturers and suppliers are as follows:

max
Im

Jn
m =

∫
∞

0
e−ρt{ρmQ−Cm(Im)

}
dt (10)

max
Is

Jn
s =

+∞∫
0

e−ρt{ρsQ−Cs(Is)
}
dt (11)

In order to obtain the feedback equilibrium strategy of each member of the supply chain, the HJB
equation is used to solve the problem. The optimal control problem of the supplier should be solved
first. The optimal profit value function of the supplier at time t is determined by Formula (9). At this
point, the supplier optimal control problem satisfies the following HJB equation

ρVn
s (r) = max

Is

{
ρs[a− bp + δ(r− p) + η(Im + Is)] −

1
2 ksI2

s

+Vn′
s (r)[α(p− r) + β(Im + Is)]

} (12)

At this point, the manufacturer’s optimal control problem satisfies the following HJB equation

ρVn
m(r) = max

Im

{
ρmQ−Cm + Vn′

m (r)
•
r
}

(13)

By solving the optimal control problem, the optimal level of green innovation efforts of
manufacturers and suppliers can be obtained as follows:

In∗
m =

ρm(ρη+ αη+ βδ)

km(ρ+ α)
, In∗

s =
ρs(ρη+ αη+ βδ)

ks(ρ+ α)
(14)

If Equation (12) is introduced into the equation of state (1), the response function of the consumer’s
reference price can be obtained as follows according to the boundary conditions of the equation of state.

rc∗(t) = [r0 − p−
β(kmρs + ksρm)(ηρ+ ηα+ βδ)

αkmks(ρ+ α)
]e−αt + p +

β(kmρs + ksρm)(ηρ+ ηα+ βδ)

αkmks(ρ+ α)
(15)
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Then the optimal profit function of manufacturer and supplier can be obtained as follows:{
Jn∗
m (r, t) = e−ρt(an∗

1 r + bn∗
1 )

Jn∗
s (r, t) = e−ρt(an∗

2 r + bn∗
2 )

an∗
1 =

ρmδ
ρ+α

an∗
2 =

ρsδ
ρ+α

bn∗
1 =

ρm
ρ [a− bp− δp + η(

ρmη+βan
1

km
+

ρsη+βan
2

ks
)]

−
(ρmη+βan

1 )
2

2ρkm
+

an
1
ρ [αp + β(

ρmη+βan
1

km
+

ρsη+βan
2

ks
)]

bn∗
2 =

ρs
ρ [a− bp− δp + η(

ρmη+βan
1

km
+

ρsη+βan
2

ks
)]

−
(ρsη+βan

2 )
2

2ρks
+

an
2
ρ [αp + β(

ρmη+βan
1

km
+

ρsη+βan
2

ks
)]

(16)

3.3. Decentralized Decision Making under Cost Sharing

Assumption: In decentralized decision making of the cost sharing, the manufacturer plays a
leading role in the green innovation of the supply chain, and the supplier plays a follower role
accordingly. In order to motivate the supplier to carry out green innovation, the manufacturer provides
a certain proportion of subsidies to the supplier. Then, from a long-term and dynamic point of view,
the decision making between manufacturers and suppliers on the level of green innovation effort
constitutes a Stackelberg differential game model between upstream and downstream.

Manufacturers and suppliers make decisions independently to maximize their respective profits.
In the first stage, the manufacturer decides its own level of green innovation effort Im(t) and the
proportion φ(t) of green innovation cost that the manufacturer promised to supplier. In the second
stage, according to the given sum Im(t) and φ(t), the supplier decides its own level of green innovation
effort Is(t). Firstly, the manufacturer’s decision-making problem could be formulated as follows:

max
Im,φ

Jd
m =

∫
∞

0
e−ρt

{
ρmQ−Cm(Im) −φCs(Is)

}
dt (17)

Given Im and φ, the supplier’s decision problem is

max
Is

Jd
s =

∫
∞

0
e−ρt

{
ρsQ− (1−φ)Cs(Is)

}
dt (18)

At this point, the supplier optimal control problem satisfies the following HJB equation

ρVd
s (r) = max

Is

{
ρs[a− bp + δ(r− p) + η(Im + Is)] −

1
2
(1−φ)ksI2

s + Vd′
s (r)[α(p− r) + β(Im + Is)]

}
(19)

At this point, the manufacturer’s optimal control problem satisfies the following HJB equation

ρVd
m(r) = max

Im,φ

{
ρmQ−Cm −φCs + Vn′

m (r)
•
r
}

(20)

By solving the optimal control problem, the equilibrium solution of manufacturer and supplier
can be obtained as follows.

Id∗
m =

ρm(ηρ+ ηα+ δβ)

km(ρ+ α)
, φd∗ =

2ρm − ρs

2ρm + ρs
, Id∗

s =
(2ρm + ρs)(ηρ+ ηα+ δβ)

2ks(ρ+ α)
(21)

Equation (19) is introduced into the equation of state (1). According to the boundary conditions of
the equation of state, the response function of the consumer’s reference price can be obtained as follows.
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rd∗(t) = [r0 − p− β(kmρs+2ksρm+2kmρm)(ηρ+ηα+βδ)
2αkmks(ρ+α)

]e−αt + p + β(kmρs+2ksρm+2kmρm)(ηρ+ηα+βδ)
2αkmks(ρ+α)

(22)

The optimal profit function of manufacturer and supplier can be obtained as follows.{
Jd∗
m (r, t) = e−ρt(ad∗

1 r + bd∗
1 )

Jd∗
s (r, t) = e−ρt(ad∗

2 r + bd∗
2 )

ad∗
1 =

ρmδ
ρ+α

ad∗
2 =

ρsδ
ρ+α

bd∗
1 =

ρm
ρ

[
a− bp− δp + η

(
ρmη+βad

1
km

+
2ρmη+ρsη+2βad

1+βad
2

2ks

)]
−
(ρmη+βad

1)
2

2ρkm

−
(2ρmη+2βad

1)
2
−(ρsη+βad

2)
2

8ρks
+

ad
1
ρ

[
αp + β

(
ρmη+βad

1
km

+
2ρmη+ρsη+2βad

1+βad
2

2ks

)]
bd∗

2 =
ρs
ρ

[
a− bp− δp + η

(
ρmη+βad

1
km

+
2ρmη+ρsη+2βad

1+βad
2

2ks

)]
−
(2ρmη+ρsη+2βad

1+βad
2)

2

8ρks

+
(2ρmη+2βad

1)
2
−(ρsη+βad

2)
2

8ρks
+

ad
2
ρ

[
αp + β

(
ρmη+βad

1
km

+
2ρmη+ρsη+2βad

1+βad
2

2ks

)]

(23)

Proposition 1. When the supplier’s marginal profit is less than twice the manufacturer’s marginal profit,
compared with the decentralized decision making without cost sharing, the optimal level of the green innovation
effort of manufacturers remains unchanged under the decentralized decision making with cost sharing, and
the optimal level of the green innovation effort of suppliers is improved. When the supplier’s marginal profit
is greater than twice the manufacturer’s marginal profit, the optimal level of the green innovation efforts of
manufacturers remains unchanged with the decentralized decision making with cost sharing, while the optimal
level of the green innovation efforts of suppliers decreases.

Proof of Proposition 1.

Id∗
m − In∗

m =
ρm(ηρ+ηα+δβ)

km(ρ+α)
−
ρm(ηρ+ηα+δβ)

km(ρ+α)
= 0

Id∗
s − In∗

s =
(2ρm+ρs)(ηρ+ηα+δβ)

2ks(ρ+α)
−
ρs(ρη+αη+βδ)

ks(ρ+α)
=

(2ρm−ρs)(ρη+αη+βδ)
2ks(ρ+α)

(24)

When ρs > 2ρm, Id∗
s < In∗

s ; when ρs < 2ρm, In∗
s < Id∗

s .
Proposition 1 show that the cost-sharing contract has no effect on the manufacturer’s own optimal

level of green innovation effort, but it will affect the optimal level of the green innovation effort of
suppliers. Under the same conditions, the lower the cost of green innovation efforts, the more willing
suppliers are to improve their green innovation efforts in order to seek a more long-term and stable
cooperative relationship with manufacturers. Suppliers’ enthusiasm for green innovation efforts is
closely related to their marginal profits and suppliers’ marginal profits. When their marginal profits
are less than the manufacturers’ marginal profits, suppliers are more willing to follow manufacturers
in green innovation efforts. Although the marginal profit of supplier is less than twice that of the
manufacturer, this is a necessary condition for the establishment of a cost-sharing contract.�

Corollary 1. The marginal profit ratio of supplier and manufacturer has a threshold. Within the threshold range,
a cost-sharing contract has an obvious incentive effect on the green innovation efforts of suppliers. Once beyond
the threshold range, the green innovation efforts of suppliers may depend more on the influence of other factors,
and the incentive effect of a cost-sharing contract on the green innovation efforts of suppliers is greatly reduced.
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Proposition 2. The optimal level of the green innovation efforts of manufacturers under centralized decision
making is higher than that of manufacturers under cost sharing. The optimal level of the green innovation efforts
of suppliers under centralized decision making is higher than that of suppliers under cost sharing.

Proof of Proposition 2.

Ic∗
m − Id∗

m =
(ρm+ρs)(ρη+αη+βδ)

km(ρ+α)
−
ρm(ηρ+ηα+δβ)

km(ρ+α)
=

ρs(ηρ+ηα+δβ)
km(ρ+α)

> 0

Ic∗
s − Id∗

s =
(ρm+ρs)(ρη+αη+βδ)

ks(ρ+α)
−

(2ρm+ρs)(ηρ+ηα+δβ)
2ks(ρ+α)

=
ρs(ηρ+ηα+δβ)

2ks(ρ+α)
> 0

(25)

Proposition 2 shows that the optimal level of the green innovation efforts of manufacturers and
suppliers under centralized decision making is the highest and it is also the upper limit for the whole
supply chain system to carry out green innovation efforts. Although a cost-sharing contract can
improve the optimal level of green innovation efforts of manufacturers and suppliers to a certain extent,
it cannot achieve the Pareto optimum. For manufacturers, in order to improve the incentive effect of
cost-sharing contracts, it is necessary to reduce the cost of the green innovation efforts of manufacturers
and increase the marginal profits of suppliers. For suppliers, in order to improve the incentive effect of
cost-sharing contracts, it is necessary to reduce the cost of the green innovation efforts of suppliers and
increase suppliers’ marginal profits.�

Proposition 3. Under decentralized decision making with cost sharing, the cost sharing ratio of manufacturer
to supplier is positively correlated with the marginal profit of the manufacturer and negatively correlated with
the marginal profit of the supplier.

Proof of Proposition 3.

φ =
2ρm−ρs
2ρm+ρs

, ∂φ
∂ρm

=
4ρs

(2ρm+ρs)
2 > 0, ∂φ

∂ρs
= −

4ρm

(2ρm+ρs)
2 < 0,

∂2φ

∂ρ2
m
= −

16ρs

(2ρm+ρs)
3 < 0, ∂2φ

∂ρ2
s
=

8ρm

(2ρm+ρs)
3 > 0.

(26)

Proposition 3 shows that the cost-sharing ratio of the manufacturer to the supplier increases with
the increase in the marginal profit of the manufacturer and decreases with the increase in the marginal
profit of the supplier. In the whole life cycle of green innovation efforts, the cost-sharing ratio of
manufacturers to suppliers is a dynamic changing process. Manufacturers will constantly adjust the
cost-sharing ratio of suppliers according to the actual situation, so as to ensure the maximization of both
sides’ green innovation benefits and promote improvement in the green innovation efficiency of the
supply chain system. Therefore, in order to improve the cost-sharing ratio between manufacturers and
suppliers, it is necessary to increase the marginal profit of manufacturers while reducing the marginal
profit of suppliers. The increase in cost-sharing ratio can increase the enthusiasm of suppliers for green
innovation efforts, but it may not necessarily improve the optimal level of the green innovation efforts
of manufacturers. �

4. Data Simulation

4.1. Simulation Method and Parameter Setting

In order to better illustrate the application of the model, the validity of the above three green
innovation strategies will be tested by the numerical simulation of Mathematica, and the impact of
consumers’ green preference and the reference price effect on the profit of the supply chain system will
be discussed.
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Mathematica was selected based on the following reasons: (1) the tool can perform complex
mathematical operation analysis and directly provide graphical analysis results, which is the ideal
result for the simulation analysis of this article; (2) the method is widely used in supply chain studies.
The numerical simulation of the domain model has been highly recognized by researchers in the field.
Specifically, this paper uses the Mathematica system to numerically simulate the game model of the
food supply chain system under the three decision situations constructed above in order to obtain
the changes in profits caused by the green innovation efforts of food supply chain members (within
a certain period of time). The simulation results described how consumers’ green preferences and
reference price effects interact with the green innovation efforts of the food supply chain. Moreover,
the feasibility of the effectiveness mechanism issue provides factual arguments.

In the simulation analysis, the initial parameters of the model are derived from parameters set in
similar literature as well as data obtained through a small experiment designed by the authors. In the
experiment, there were 60 participants aged between 18 and 50 years old—40% were male and 60%
were female. The consumer goods in the experiment were organic milk and ordinary milk produced by
the same manufacturer. In order to understand the participants’ green preferences for milk products
and the corresponding price sensitivity, we designed a brief questionnaire for participants to complete.
Finally, we adopted the mean answers as parameters for the simulation model.

The following assumptions are made α = 2, β = 0.5, ρ = 0.1, a = 20, b = 1, p = 20, ρm = 10,
ρs = 8, km = 5, ks = 3, r0 = 7, δ = 1, η = 0.5 using parameters from green innovation-related
literature [33,34] and the results of the experiment in this paper. α = 2 shows that consumers have
a clear memory of the previous market and purchase experience of ordinary products. Therefore,
the reference price r0 = 7 of green products in their minds is lower than the actual price p = 20 of
products. On a green sensitivity coefficient level of η = 0.5, the green degree of products brought by the
green innovation efforts and related information transmitted by ecological labels prompt consumers to
change their reference prices. That is, the influence factor of green product innovation on the reference
prices is β = 0.5. Because consumers are sensitive to the difference between the actual price of the
product and the reference price, which makes δ = 1, consumers will make a decision to buy the
green products when the reference price of the consumer is infinitely close to the actual price of the
green products.

4.2. Simulation Results

To obtain simulative results, we assigned values for variables a, b, r, p, rm, rs, km, ks, r0, δ, η, β.
Further, we applied the “Simplify” function to categorize three decisional conditions for suppliers,
manufacturers, and the supply chain as a whole. Next, the solutions for higher-level, complex
parameters have been estimated. Then, we used the “PLOT” function to draw the simulation results
visually. These procedures have been conducted recursively 10 times for a better simulation result.

From Figure 2, the Pareto improvement of the profit of manufacturers and suppliers can be
achieved with the cost-sharing contract, and the improvement effect of the profit of suppliers is better
than that to the profit of manufacturers. Because manufacturers share the cost of the green innovation
efforts of suppliers, the optimal level of the green innovation efforts of suppliers will be improved; the
greenness of products will be improved and the market demand will be increased. This will make
the profits of both sides reach Pareto improvement. Over time, the profits of both manufacturers
and suppliers tend to rise first and then decline, indicating that, in the short term, coordinated green
innovation efforts between manufacturers and suppliers can bring considerable economic benefits to
both. However, due to the dual externalities of green innovation efforts themselves (spillover effect
and external environmental cost), the technical difficulty of green innovation becomes more and more
difficult, the input cost keeps increasing, and the profit of manufacturers and suppliers keeps declining
in the long term. Therefore, if long-term benefits are required for green innovation efforts in the food
supply chain, support from the government and other green groups has to be considered.
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Figure 2. Comparison of profits of manufacturers and suppliers before and after cost sharing.

It can be seen from Figure 3 that the profit ranking of three supply chain system cases from the
best to the worst is as follows: the food supply chain with centralized decision making, the food
supply chain with cost sharing, and the food supply chain with no cost sharing. It shows that the cost
sharing contract can help the Pareto improvement of the food supply chain system profit, but cannot
optimize the Pareto to the best case. From the distance between the three curves in Figure 2, it can
be intuitively seen that the cost-sharing contract has an obvious improvement effect on the profit of
the food supply chain. As the upper limit of the green innovation efforts of the food supply chain,
centralized decision making serves as the reference basis for food supply chain enterprises to carry out
collaborative green innovation. With the profit of the food supply chain under centralized decision
making as the benchmark, manufacturers can constantly adjust their sharing strategy for suppliers and
decide whether to share the cost and proportion with suppliers, so as to maximize the profit of the
food supply chain.

Figure 3. Comparison of food supply chain system profits under three conditions.

As can be seen from Figure 4, with the increase in the sensitivity of the consumer reference
price effect, a cost-sharing contract has a clearer effect on Pareto improvement of manufacturer and
supplier profit, and the effect of a cost-sharing contract on supplier improvement is better than that on
manufacturer improvement. The clearer the reference price effect of consumers (that is, consumers
have higher requirements on the price of green products), the more the consumers will choose to give
up buying products if the price is much higher than the “reference price”. Consumers make a purchase
decision only when the price of green products is within the acceptable reference range. In this case,
collaborative green innovation efforts between manufacturers and suppliers can reduce the cost of
green innovation efforts in the food supply chain under the condition of improving the greenness of the
same products, so that green products can occupy a certain price advantage in the competition. This can
provide a reference for manufacturers to make decisions. Manufacturers can compare the participation
of suppliers in green innovation efforts to decide whether to increase subsidies for suppliers and the
amount of subsidies to win more market opportunities.
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Figure 4. Effect of parameter δ on the Pareto improvement of a cost-sharing contract.

It can be seen from Figure 5 that the Pareto improvement effect of a cost-sharing contract on the
profit of manufacturers and suppliers is clearer with the increase in the green preference coefficient of
consumers, and the improvement effect of cost-sharing contract on suppliers is better than that on
manufacturers. The higher the green preference coefficient of consumers, the more green products they
prefer, and the more they are even willing to pay more green premiums for green products. As the
market demand increases, the profits of manufacturers and suppliers increase accordingly. Compared
with Figure 3, it can be found that the influence of consumers’ green preference on the improvement
effect of a cost-sharing contract is greater than that of the reference price effect. With the increase in
consumers’ green preference coefficient, the profit difference between manufacturers and suppliers
increases rapidly before and after cost sharing.

Figure 5. Influence of parameters on the Pareto improvement effect of a cost-sharing contract.

5. Conclusions

In summary, the interactive influences of consumers’ green preference and the reference price
effect on decision making in terms of green innovation in the food supply chain are examined
empirically in this paper. This is because there is not enough research examining the interactive effects
of consumer behavior and companies’ strategic behavior on the results of green innovation. The effects
of decentralized decision making and centralized decision making on the level of the green innovation
efforts of manufacturers and suppliers in the food supply chain are discussed, and the differences in the
decision making results under various scenarios are compared. The main conclusions are as follows.

First, whether decentralized decision making or centralized decision making, consumers’ green
preference parameters and reference price effect parameters are positively correlated with the level
of green innovation efforts of the main body of the food supply chain. However, in different
decision-making scenarios, there are significant differences in the level of green innovation efforts of the
food supply chain. In more detail, with the decentralized decision making of cost-free sharing, the level
of effort of both is the lowest; with the decentralized decision making of cost sharing, the level of effort



Int. J. Environ. Res. Public Health 2019, 16, 5007 13 of 15

of suppliers has been improved, while that of manufacturers remains unchanged; with centralized
decision making, the level of effort of both is the highest.

Secondly, in the case of consumers’ green preference and the reference price effect, food
manufacturers’ cost subsidies for the green innovation efforts of suppliers will stimulate their green
innovation efforts. This phenomenon has rarely been addressed in previous research on green
innovation [8]. However, the realization of such subsidies requires certain threshold conditions, which
means that only when suppliers’ marginal profit is less than twice that of manufacturers are subsidies
useful to stimulate the green innovation efforts of suppliers.

Thirdly, in the process of promoting green innovation efforts in the food supply chain, there
is an interaction between consumers’ green preference and the reference price effect, which further
strengthens the incentive role of the green innovation efforts of food supply chain members. This
means that consumers’ strong green preference will weaken their reference price effect in terms of
decision making when purchasing green products, making consumers more willing to purchase green
products and pay more green premiums for products. This will encourage manufacturers to share the
green innovation cost of suppliers and promote the efficiency and sustainability of green innovation in
the food supply chain.

There are still some limitations in this paper, which need to be further expanded in future research.
Firstly, in order to simplify the model, only green innovation efforts carried out by a single supplier
and a single manufacturer are considered. However, in practice, large manufacturers are more willing
to cooperate with multiple suppliers in order to find the best combination of benefits. Further research
can be conducted with consideration of the cooperative green innovation of the food supply chain
under the competition of multiple suppliers. Secondly, consumers’ green preferences and the influence
of the reference price effect on green innovation decision making in the food supply chain may be an
indirect or non-linear process. It is also affected by factors such as government subsidies and market
size. The existence and influence of these factors can be further explored in future research.

Author Contributions: J.H. and Y.L. wrote the first draft of the original manuscript; Y.L. and X.F. analyzed the
major model and simulation.

Funding: We received financial support from the National Social Science Foundation of China (Project
#2016XGL004) and China Postdoctoral Science Foundation Grant (Project #2018M630445).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Costantini, V.; Crespi, F.; Marin, G.; Paglialunga, E. Eco-innovation, sustainable supply chains and
environmental performance in European industries. J. Clean. Prod. 2017, 155, 141–154. [CrossRef]

2. Kammerer, D. The effects of customer benefit and regulation on environmental product innovation: Empirical
evidence from appliance manufacturers in Germany. Ecol. Econ. 2009, 68, 2285–2295. [CrossRef]

3. Daddi, T.; Testa, F.; Frey, M.; Iraldo, F. Exploring the link between institutional pressures and environmental
management systems effectiveness: An empirical study. J. Environ. Manag. 2016, 183, 647–656. [CrossRef]
[PubMed]

4. Carvalho, H.; Govindan, K.; Azevedo, S.G.; Cruz-Machado, V. Modelling green and lean supply chains: An
eco-efficiency perspective. Resour. Conserv. Recycl. 2017, 120, 75–87. [CrossRef]

5. Zhao, A.; Du, J.; Guan, H. Evolution simulation and analysis of enterprise environmental innovation behavior
under heterogeneous consumer demand. China Manag. Sci. 2018, 26, 124–132.

6. Przychodzen, W.; Przychodzen, J. Sustainable innovations in the corporate sector—The empirical evidence
from IBEX 35 firms. J. Clean. Prod. 2018, 172, 3557–3566. [CrossRef]

7. Zissis, D.; Ioannou, G.; Burnetas, A. Supply chain coordination under discrete information asymmetries and
quantity discounts. Omega 2015, 53, 21–29. [CrossRef]

http://dx.doi.org/10.1016/j.jclepro.2016.09.038
http://dx.doi.org/10.1016/j.ecolecon.2009.02.016
http://dx.doi.org/10.1016/j.jenvman.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/27637805
http://dx.doi.org/10.1016/j.resconrec.2016.09.025
http://dx.doi.org/10.1016/j.jclepro.2017.05.087
http://dx.doi.org/10.1016/j.omega.2014.11.007


Int. J. Environ. Res. Public Health 2019, 16, 5007 14 of 15

8. Chen, Z.; Chen, G. Green Innovation Efforts and Altruistic Preference Induction for Construction Projects.
China Manag. Sci. 2018, 26, 187–196.

9. El Ouardighi, F. Supply quality management with optimal wholesale price and revenue sharing contracts:
A two-stage game approach. Int. J. Prod. Econ. 2014, 156, 260–268. [CrossRef]

10. Hafezalkotob, A. Competition of two green and regular supply chains under environmental protection and
revenue seeking policies of government. Comput. Ind. Eng. 2015, 82, 103–114. [CrossRef]

11. Dangelico, R.M.; Pujari, D. Mainstreaming Green Product Innovation: Why and How Companies Integrate
Environmental Sustainability. J. Bus. Ethics 2010, 95, 471–486. [CrossRef]

12. Wang, Q.; Zhao, D. Research on Supply Chain Revenue Sharing Contracts with Consumer Low Carbon
Preference. China Manag. Sci. 2014, 22, 106–113.

13. Klaiman, K.; Ortega, D.L.; Garnache, C. Consumer preferences and demand for packaging material and
recyclability. Resour. Conserv. Recycl. 2016, 115, 1–8. [CrossRef]

14. Hsieh, T.P.; Dye, C.Y. Optimal dynamic pricing for deteriorating items with reference price effects when
inventories stimulate demane. Eur. J. Oper. Res. 2017, 262, 136–150. [CrossRef]

15. Lou, G.; Zhang, J.; Fan, T.; Xia, H.Y. Investment strategy and incentive mechanism of supply chain emission
reduction under asymmetric information. J. Manag. Sci. 2016, 19, 42–52.

16. Qu, Y.; Guan, Z.; Ye, T.; Tao, J. Research on green R&D-advertising decision-making and coordination
mechanism of Supply Chain Based on hybrid CVaR. China Manag. Sci. 2018, 26, 89–101.

17. Phan, T.N.; Baird, K. The comprehensiveness of environmental management systems: The influence of
institutional pressures and the impact on environmental performance. J. Environ. Manag. 2015, 160, 45–56.
[CrossRef]

18. Zhou, J.; Zhao, Y.; Wu, C.; Xiao, G. Research on the Choice of Guided Technological Innovation under Green
Growth. J. Manag. Sci. 2018, 21, 61–73.

19. Ülkü, M.A.; Hsuan, J. Towards sustainable consumption and production: Competitive pricing of modular
products for green consumers. J. Clean. Prod. 2017, 142, 4230–4242. [CrossRef]

20. Ghosh, D.; Shah, J. Supply chain analysis under green sensitive consumer demand and cost sharing contract.
Int. J. Prod. Econ. 2015, 164, 319–329. [CrossRef]

21. Liu, H.; Hao, S. Supply chain horizontal competitive and cooperative game and pricing strategy considering
product greenness. Ind. Eng. Manag. 2017, 22, 91–99.

22. Chaab, J.; Rasti-Barzoki, M. Cooperative advertising and pricing in a manufacturer-retailer supply chain with
a general demand function; A game-theoretic approach. Comput. Ind. Eng. 2016, 99, 112–123. [CrossRef]

23. Martín-Herrán, G.; Taboubi, S. Price coordination in distribution channels: A dynamic perspective. Eur. J.
Oper. Res. 2015, 240, 401–414. [CrossRef]

24. Lou, G.; Zhang, Y.; Wan, N. Dynamic pricing and emission reduction decision based on reference price effect.
Control Decis. Mak. 2018, 33, 1667–1676.

25. Baucells, M.; Hwang, W. A model of mental accounting and reference price adaptation. Manag. Sci. 2016, 63,
4201–4218. [CrossRef]

26. Ramanathan, R.; Ramanathan, U.; Bentley, Y. The debate on flexibility of environmental regulations,
innovation capabilities and financial performance—A novel use of DEA. Omega 2018, 75, 131–138. [CrossRef]

27. Zailani, S.; Govindan, K.; Iranmanesh, M.; Shaharudin, M.R.; Chong, Y.S. Green innovation adoption in
automotive supply chain: The Malaysian case. J. Clean. Prod. 2015, 108, 1115–1122. [CrossRef]

28. Liu, X.; Lin, K.; Wang, L. Study on the influence of heterogeneous preferences of consumers on pricing
decisions of green products. Ind. Eng. Manag. 2018, 23, 112–119.

29. Radnejad, A.B.; Vredenburg, H.; Woiceshyn, J. Meta-organizing for open innovation under environmental
and social pressures in the oil industry. Technovation 2017, 66, 14–27. [CrossRef]

30. Madani, S.R.; Rasti-Barzoki, M. Sustainable supply chain management with pricing, greening and
governmental tariffs determining strategies: A game-theoretic approach. Comput. Ind. Eng. 2017,
105, 287–298. [CrossRef]

31. Hafezalkotob, A. Competition, cooperation, and cooperation of green supply chains under regulations on
energy saving levels. Transp. Res. Part E Logist. Transp. Rev. 2017, 97, 228–250. [CrossRef]

32. Yalabik, B.; Fairchild, R.J. Customer, regulatory, and competitive pressure as drivers of environmental
innovation. Int. J. Prod. Econ. 2011, 131, 519–527. [CrossRef]

http://dx.doi.org/10.1016/j.ijpe.2014.06.006
http://dx.doi.org/10.1016/j.cie.2015.01.016
http://dx.doi.org/10.1007/s10551-010-0434-0
http://dx.doi.org/10.1016/j.resconrec.2016.08.021
http://dx.doi.org/10.1016/j.ejor.2017.03.038
http://dx.doi.org/10.1016/j.jenvman.2015.06.006
http://dx.doi.org/10.1016/j.jclepro.2016.11.050
http://dx.doi.org/10.1016/j.ijpe.2014.11.005
http://dx.doi.org/10.1016/j.cie.2016.07.007
http://dx.doi.org/10.1016/j.ejor.2014.07.022
http://dx.doi.org/10.1287/mnsc.2016.2569
http://dx.doi.org/10.1016/j.omega.2017.02.006
http://dx.doi.org/10.1016/j.jclepro.2015.06.039
http://dx.doi.org/10.1016/j.technovation.2017.01.002
http://dx.doi.org/10.1016/j.cie.2017.01.017
http://dx.doi.org/10.1016/j.tre.2016.11.004
http://dx.doi.org/10.1016/j.ijpe.2011.01.020


Int. J. Environ. Res. Public Health 2019, 16, 5007 15 of 15

33. Liu, G.; Sethi, S.P.; Zhang, J. Myopic vs. far-sighted behaviours in a revenue-sharing supply chain with
reference quality effects. Int. J. Prod. Res. 2016, 54, 1334–1357. [CrossRef]

34. Liu, Z.L.; Anderson, T.D.; Cruz, J.M. Consumer environmental awareness and competition in two-stage
supply chains. Eur. J. Oper. Res. 2012, 218, 602–613. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/00207543.2015.1068962
http://dx.doi.org/10.1016/j.ejor.2011.11.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Problem Description and Model Hypothesis 
	Problem Description 
	Symbolic Explanation 
	Model Hypothesis 

	Model Construction and Solution 
	Centralized Decision Making 
	Decentralized Decision Making without Cost Sharing 
	Decentralized Decision Making under Cost Sharing 

	Data Simulation 
	Simulation Method and Parameter Setting 
	Simulation Results 

	Conclusions 
	References

