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Abstract: The increasing public attention on green products prompted firms and government to focus
on the design and manufacturing of these products. This study focuses on a supply chain system that
consists of three members, namely, supplier, manufacturer, and government, and then investigates the
effects of government subsidies on social welfare and the profits of supply chain members. We utilize
game and optimization theories to calculate and compare the optimal decisions and profits of players
in the following scenarios: (i) the government provides a subsidy rate to the cost of manufacturer’s
greenness efforts (first subsidy policy); and (ii) the government grants a per unit subsidy to the
manufacturer for the demand for green product (second subsidy policy). We also derive the necessary
condition for the most effective subsidy policy that maximizes expected social welfare and profits.
Our analysis derives the following findings: (i) under the first subsidy policy, the government tends
to provide high subsidy rate to a manufacturer with low marginal profit; (ii) under the second subsidy
policy, the government tends to offer low subsidy to a manufacturer with low marginal profit; and
(iii) a government’s selection of subsidy policy depends on the sensitivity of consumers to price.

Keywords: supply chain; social welfare; subsidy; green efforts; game theory

1. Introduction

The necessity of protecting the environment has increased in recent years. Advocating and
promoting the use of green products is an effective way of protecting the environment. Consumers also
pay attention to green products. A consumer research study indicated that around 80% of American
consumers are willing to pay extra for green products [1]. Consumers are more willing to buy products
that are not environmentally harmful [2]. A survey has shown that a correlation exists between
environmental performance and firm’s competitive advantage [3]. Given this finding, an increasing
number of firms are adopting R&D strategies for green products as a powerful and competitive tool in
the market. These green products include electric vehicles (EVs) and solar water heating. However,
an increasing number of firms encounter problems because of the high R&D risks of green products.
Governments exert significant efforts to assist companies involved. The government can promote the
development of green product industry through subsidy incentive schemes and/or environmental
policies, such as green legislation and fiscal policies (e.g., green taxation and subsidies). Subsidy
incentive is common in practice, especially in the automotive industry. In America, President Barack
Obama set an annual budget of $2.4 billion to support the development of EVs and batteries [4]. In the
country’s Fiscal Year 2015 budget, the Obama administration also included a provision that increased
the maximum tax credit of EVs in 2014 to $10,000 [5]. In 2010, the Chinese government pledged
grants that allocated ¥60,000 for private purchases of new battery electric vehicles and ¥50,000 for
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plug-in hybrids in five major cities [6]. Other governments, such as Canada, Germany, and Japan,
implemented similar subsidy policies to support the development of EVs. These findings suggest that
subsidy policies play an important role in promoting the sales of EVs [7].

Supply chain management under the subsidy policy of the government has received significant
attention from researchers. Previous studies addressed the effects of subsidy policies of the government
using game theory [7–22]. Despite the availability of these studies, only a few published articles
explored the efficienci-es of subsidy policies of the government using game theory. Given this gap
in research, we explore the effects of two subsidy policies (subsidizing the cost of greenness and
subsidizing unit product) in a vertical supply chain system. The supply chain considered in our study
consists of two firms (supplier and manufacturer). The manufacturer produces a final product that
consists of two components (one component is provided by the supplier and the other is offered by the
manufacturer); this is a fairly common assumption in relevant literature [23,24]. The components in
our model are characterized by the degree of greenness; a high degree implies that the component if of
good quality [25]. We then incorporate the effects of the degree of greenness of products on the demand
function. We utilized game and optimization theories to calculate and compare the optimal decisions
for all players in two scenarios: (i) the government subsidizes the cost of manufacturer’s greenness
efforts; and (ii) the government grants a per unit subsidy to the manufacturer for the demand for
green product. Our model yields the following results: (i) when the value of price sensitivity is large
enough, the government will adopt the second subsidy policy; (ii) if the value of price sensitivity is in
a mediate level, the government will implement the first subsidy policy; and (iii) when the value of
price sensitivity is low, supply chain members might not obtain subsidy from the government.

The remainder of this paper is structured as follows. Previous literature related to our topic
is reviewed in the next section. Section 3 develops the proposed models and discusses the optimal
decisions in two different scenarios. Section 4 offers a numerical analysis. Concluding remarks are
presented in Section 5. Proofs for all propositions are given in the Appendix A.

2. Literature Review

Our study contributes to several streams of research, each of which is reviewed in this section.
The first stream of research is composed of recent studies on sustainable supply chain management
under the government subsidy incentive schemes. Many researches focused on the automobile supply
chain management under the government subsidy policy. Diamond (2009) examined the relationship
between government policies and the adoption of d hybrid-electric vehicles adoption using data
from the U.S. [8]. Huang et al. (2013) focused on two supply chains (i.e., fuel automobile supply
chain, electric-and-fuel automobile supply chain), and examined the effects of subsidy policy of the
government on the profits and social welfare of supply chain members [7]. Luo et al. (2014) studied an
automobile supply chain that consists of a manufacturer and a retailer, and investigated the effects of
the government’s price–discount incentive scheme on the decision making of supply chain member [9].
Huang et al. (2014) explored the effects of the government’s scrappage program on the optimal
decisions of all players’ (i.e., government, manufacturer, and retailer); the results show that a scrappage
program with a sufficiently large MSRP cutoff level and proper subsidy can efficiently promote
sales [10]. Zhang (2014) evaluated the effects of consumer trade-offs and government subsidies on EV
production decisions [11].

Researchers also investigated supply chain management under the government subsidy policy
in other industries or fields. Mitraa and Webster (2008) focused on supply chain systems that consist
of a manufacturer and a competitive remanufacturer and investigated the influences of government
subsidies on remanufacturing activities [12]. Bansal (2008) explored the effects of government subsidy
policies in a situation where consumers are environmentally discerning, and their results revealed that
the optimal policy depends on the magnitude of damage parameter associated with environmental
externality [13]. Aksen et al. (2009) explored the effects of subsidization agreement on collection
and recovery operations; they found that the government should increase subsidy in a supportive
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model for the same collection rate and profitability ratio [14]. Sheu (2011) investigated the effects
of government intervention on the negotiations of supply chain members; they found that financial
intervention of the government has a positive effect on the relative bargaining power of green supply
chain members during negotiations [15]. Sheu and Chen (2012) utilized a stage game theory model to
study the influences of governmental taxation and subsidization on competition in a green supply
chain [16]. Ma et al. (2013) studied the influences of the government consumption-subsidy policy on
the decisions of members in a dual-channel closed-loop supply chain [17]. Wang et al. (2014) studied
the effects of the government subsidy on the decisions of members in a supply chain for fashion
remanufacturing under the two types of channel structure [18]. Hu et al. (2014) investigated the market
and social welfare in a green manufacturing industry, and their results showed that the effectiveness
of Pigouvian tax and subsidy policies depend on product characteristics and market structures [19].
Raz and Ovchinnikov (2015) considered how a government could coordinate the pricing and supply
of public interest goods through government rebates and subsidies [20]. Bi et al. (2016) considered
green consumers in the supply chain and investigated the effects of subsidy policy of the government
on firm decisions in two different situations [21]. He et al. (2016) investigated the carbon emissions
in a dual channel closed loop supply chain, their research suggested that a government may have to
subsidize the e-tailer to maximize the social welfare [22].

Second, several studies have been conducted to explore the quality cost sharing mechanism
between manufacturer and supplier. Balachandran and Radhakrishnan (2005) considered a double
moral hazard case in quality efforts and modeled the fixed share rate contract for allocating costs of
internal failures [24]. Zhu et al. (2007) investigated the roles of different channel members in a supply
chain in quality improvement; they found that buyer involvement can significantly affect the profits of
supply chain members [26]. Chao et al. (2009) introduced two external quality cost sharing contracts
to improve the quality of final product and to coordinate the supply chain [23]. Lee et al. (2013)
considered a supply chain with quality uncertainty and proposed a quality compensation contract to
coordinate the supply chain [27]. He et al. (2016) investigated the quality management of supply chain
with the reference effects, and analyzed the decisions of supply chain members under the subsidy
policies of manufacturer [28].

To the best of our knowledge, only a few studies have investigated the effects of government
different subsidy policies on supply chain quality management. In the present study, we incorporate
the effect of the degree of greenness (or quality) of a product on demand and R&D cooperation between
manufacturer and supplier. We also investigate the optimal decisions of all players under the subsidy
policies of the government.

3. Model Development

The supply chain system considered in this study consists of two firms (i.e., supplier and
manufacturer) and the government. The manufacturer produces and sells a final product that consists
of two components. One component is provided by the supplier and the other component is offered
by the manufacturer. Both firms are committed to the development of green products. The products
are characterized by the degree of greenness [25]; the green degree of the final product is affected by
the degree of its components. We denote xs as the green degree of component s offered by the supplier
and xm as the green degree of component m provided by the manufacturer. Expression λsxs + λmxm

represents the green degree of the final product. Similar to previous studies [29,30], we assume that
the sales function is linear to the degree of greenness of the final product, which is given by:

Q = α − βp + λsxs + λmxm, (1)

where λs, λm, α, and β are positive constants. In our model, we assume that the demand of the green
product is linearly increasing in the degree of greenness. This assumption of linearity with respect
to non-price variable is also commonly found in previous literature [29–31]. The potential intrinsic
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demand for the final product is denoted by α, which is irrespective of the green degree of a product.
Here, we let a = α − βp for simplicity.

Similar to [32], the cost function of greenness efforts is quadratic with respect to green degree as
specified by:

C(xi) = x2
i , i = s, m. (2)

Cooperation between supplier and manufacturer on the development of a product or a component
is common in practice. For example, GE offered an annual budget of $200 to $400 million for its Six
Sigma program, a significant portion of which is allocated for the sole purpose of improving the
component quality of its suppliers [33]. In our study, we consider a subsidy program wherein the
manufacturer provides a subsidy rate to the cost of greenness efforts of the supplier. This subsidy
program is generally the case in the automotive and other industries [24,28].

In the absence of any empirical evidence that shows that innovation positively affects the firm’s
production cost [34], we assume that the supply chain members’ greenness efforts do not affect the
channel members’ marginal cost. This assumption is found in the literature [29,30,35]. Without
accounting for the cost of greenness efforts, the supplier’s marginal profit is denoted by ρs, and the
manufacturer’s marginal profit is denoted by ρm. The profit function of the supplier could be given by
Equation (3):

πs(t) = ρsQ − (1 − θ)x2
s , (3)

and the profit function of the manufacturer is:

πm(t) = ρmQ − x2
m − θx2

s . (4)

Welfare in each country is represented by the sum of consumer surplus and firm profits:

W = CS + πm + πs. (5)

Consumer surplus can be calculated as the maximum price that a consumer is willing to pay
minus the actual price; i.e., CS =

∫ Q
0 f (q)dq − P∗Q, where Pd = f (q) represents inverse demand

function, and P∗ denotes the actual price paid by a consumer. The government strives to maximize
social welfare. The objective function could then be modified into:

W =
∫ Q

0
f (q)dq − P∗Q + πs + πm. (6)

In our model, we assume that product price p in Equations (1) and (6) is kept constant for
several reasons. First, the main purpose of this paper is to explore the effects of subsidy policies of
the government on the decision of supply chain member and to find an effective subsidy incentive
scheme for the government. Second, in practice, firms commonly adopt the same price policy but
offer products with different qualities in the market, and this assumption was also found in previous
studies [28,31].

We consider two subsidy policies of the government: (i) the first subsidy policy (government
offers a subsidy rate to the cost of greenness efforts of manufacturer); and (ii) the second subsidy policy
(government provides a per unit subsidy to the manufacturer). We then calculate and compare the
optimal decisions of all members in two scenarios. We start by analyzing the first scenario, which is
denoted by subscript “I”. In the second scenario, the government adopts the second subsidy policy,
which is denoted by subscript “II”.

The sequences of decisions are described as follows. (i) The government provides subsidy φ to
manufacturer; (ii) After observing the government’s subsidy, manufacturer offers subsidy rate θ for the
cost of greenness efforts of supplier; (iii) Supplier and manufacturer simultaneously determine their
optimal greenness efforts. Therefore, we keep subsidy rates φ and θ fixed and calculate the greenness
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efforts of supplier and manufacturer using optimization theory. We then calculate manufacturer’s
optimal subsidy rate θ and obtain optimal subsidy φ of the government.

3.1. Scenario I: The Government Provides a Subsidy Rate to the Cost of Greenness Efforts of Manufacturer

In this scenario, the government grants subsidy rate φ1(0 ≤ φ1 ≤ 1) to the cost of greenness
efforts of manufacturer. Manufacturer also provides subsidy rate θ1(0 ≤ θ1 ≤ 1) to the cost of
greenness efforts of supplier. Given fixed subsidy rates φ1 and θ1, the profit functions for the supplier
is represented by the following equation:

πs(t) = ρsQ − (1 − θ1)x2
s , (7)

and the profit function for the manufacturer is given by:

πm(t) = ρmQ − (1 − φ1)x2
m − θ1x2

s . (8)

The government’s objective function could be modified into:

maxW =
∫ Q

0
D(q)dq − D(Q)Q + πs + πm − φ1xm

2. (9)

We utilize Equations (7) and (8) for this optimization problem and obtain the following results.

Proposition 1. When the government offers the first subsidy policy and when subsidy rates φ1 and θ1 are fixed,
the optimal greenness efforts of supplier are given by:

xI
s =

λsρs

2(1 − θ1)
, (10)

and the manufacturer’s optimal greenness efforts are given by

xI
m =

λmρm

2(1 − φ1)
. (11)

According to Proposition 1, we study the factors considered by supply chain members when
determining their optimal greenness efforts. (i) The first factor is marginal profit. Supply chain
member will increase spending on his design of green component as marginal profit increases. If the
supply chain member has high level of profitability, a member has strong motivation to increase his
greenness efforts to attract consumers to purchase green products; (ii) The second factor is the effect of
component on the green degree of the final product. This effect is given as λi(i = s, m). The significant
effect will encourage supply chain members to increase spending on the design or manufacture of his
green product. When a supply chain member is a producer of key component, he or she has strong
motivation to increase greenness efforts; (iii) The third factor is subsidy rate θ1 and φ1. A supply chain
member will enhance the degree of greenness of his product as subsidy rate increases. The optimal
greenness efforts of supplier are only affected by subsidy rate, which is provided by the manufacturer
and do not depend on the subsidy rate of the government. Similarly, the manufacturer’s subsidy
program has no effect on his optimal greenness efforts.

We substitute Equations (10) and (11) into Equations (8) and obtain the following profit function
of manufacturer:

π I
m = ρm(a + λsxI

s + λmxI
m, )− (1 − φ1)(xI

m)
2 − θ1(xI

s)
2
. (12)

Under the first government’s subsidy policy, differentiating π I
m with the subsidy rate θ1, we get

the manufacturer’s optimal subsidy rate, which is given by Proposition 2. In the first subsidy policy of
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the government, we differentiate π I
m with subsidy rate θ1. We then obtain the manufacturer’s optimal

subsidy rate, which is given by Proposition 2.

Proposition 2. When the government offers the first subsidy policy, the manufacturer’s optimal subsidy rate is

θ1 =

{
2ρm−ρs
2ρm+ρs

i f ρm ≥ 0.5ρs

0 else
. (13)

The restraining condition in Equation (13) shows that the manufacturer is willing to provide a
subsidy to the supplier if and only if he could obtain enough marginal profit that is no less than half
of the supplier’s marginal profit. If the manufacturer does not obtain sufficient marginal profit, his
or her motivation to offer a subsidy rate to the supplier decreases. Differentiating θ1 with respect to
ρs and ρm, and knowing that ρm ≥ 0.5ρs, we have ∂θ1/∂ρm > 0 and ∂θ1/∂ρs < 0. We then obtain
the following managerial implications. (i) High marginal profit of manufacturer results in increased
subsidy rate to the supplier. By contrast, manufacturer will offer a low subsidy rate if supplier obtains
high marginal profit. When supplier has high level of profitability, he will increase spending on the
design and manufacture of green product. Thus, manufacturer has low motivation to stimulate the
supplier to increase his greenness efforts; (ii) Manufacturer’s optimal subsidy rate is not affected by
the subsidy policy of the government. We further prove that the optimal greenness efforts of supplier
do not depend on the first subsidy policy of the government.

We substitute Equations (10), (11), and (13) into Equation (9) and obtain social welfare W,
and differentiate W with the subsidy rate φ1, we obtain the government’s optimal subsidy rate,
which is given by Proposition 3.

Proposition 3. When the government offers the first subsidy policy, the government’s optimal subsidy rate φ1 is

φ1 =

{
4a+2ρm(λm

2+λs
2)+ρs(λs

2+4β)

4a+2ρm(2β+λ2
s )+ρs(λs2+4β)

i f 2β ≥ λm
2

0 else
. (14)

The restraining condition implies that the government will provide a subsidy rate to the
manufacturer if and only if price sensitivity β is high relative to parameter λm. Differentiating
φ1 from λm and λs, and knowing that 2β ≥ λm

2, we obtain ∂φ1/∂λi > 0, (i = s, m), which indicates
that the government will increase the subsidy rate if the effect of the green degree of a component on
that of the final product increases. If the manufacturer is a producer of key component, the government
will tend to offer high subsidy rate. In other words, the government tends to offer subsidy to the
core member of a supply chain. Differentiating φ1 from ρs and ρm, and knowing that 2β ≥ λm

2, we
obtain ∂φ1/∂ρs > 0, ∂φ1/∂ρm < 0. The following findings are then obtained. (i) The government will
offer a high subsidy rate as the supplier’s marginal profit increases; (ii) The government will provide
a low subsidy rate if the manufacturer has a large marginal profit. When the government adopts
the first subsidy policy, it tends to provide a high subsidy rate if the manufacturer has a low level
of profitability. Differentiating φ1 from β, and knowing that 2β ≥ λm

2, we then obtain ∂φ1/∂β < 0.
We find that increased price sensitivity (β) will decrease the government’s optimal subsidy rate if the
restraining condition holds.

Substituting the Equations (13) and (14) into Equations (10) and (11), respectively, we can get the
supply chain member’s optimal greenness efforts as follows:

xI
s =

{
1
4 λs(2ρm + ρs) i f ρm ≥ 0.5ρs
1
2 λsρs else

, (15)
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xI
m =

{
4a+2ρm(2β+λ2

s )+ρs(λs
2+4β)

4(2β−λm2)
i f 2β ≥ λm

2

1
2 λmρm else

. (16)

Equation (15) suggests that manufacturer’s marginal profit positively influences supplier’s
optimal greenness efforts if manufacturer’s marginal profit is sufficiently high. The logic behind
this conclusion is explained as follows. When condition ρm ≥ 0.5ρs holds, increased marginal
profit of manufacturer will increase subsidy rate, which then increases supplier’s greenness efforts.
Equation (16) suggests that if the condition 2β ≥ λm

2 holds: (i) manufacturer will reduce his optimal
greenness efforts if the condition is false; (ii) supplier’s marginal profit has a positive effect on the
optimal greenness efforts of manufacturer; and (iii) an increase in price sensitivity β will decrease
manufacturer’s optimal greenness efforts, which means that manufacturer will reduce his greenness
efforts if the value of price sensitivity is low.

Together with the Propositions 1–3, we can obtain the profits of two firms, π I
s and π I

m, and the
social welfare, W I .

3.2. Scenario II: The Government Grants a Per Unit Subsidy to Manufacturer for the Demand for
Green Product

The government provides a per unit subsidy φ2(φ2 ≥ 0) to manufacturer. Manufacturer then
offers subsidy rate θ2(0 ≤ θ2 ≤ 1) to supplier for the cost of his greenness efforts. Given fixed subsidy
rates φ2 and θ2, the profit functions for the supplier is represented by:

πs(t) = ρsQ − (1 − θ2)x2
s , (17)

and the profit function for the manufacturer is:

πm(t) = (ρm + φ2) Q − x2
m − θ2x2

s . (18)

The objective function of the government could be changed into:

W = CS + πs + πm − φ2Q. (19)

We apply Equations (17) and (18) for this optimization problem and obtain the following results.

Proposition 4. When the government offers the second subsidy policy, and when the subsidy rates φ2 and θ2

are fixed, the supplier’s optimal greenness efforts are given by

xI I
s =

λsρs

2(1 − θ2)
, (20)

and the manufacturer’s optimal greenness efforts are given by

xI I
m =

1
2

λm(ρm + φ2). (21)

The structure of supplier’s optimal greenness efforts under the second subsidy policy is similar to
that under the first subsidy policy. Therefore, we obtain similar managerial implications for supply
chain members. Together with Proposition 1, we find that subsidy policies of the government enhance
the greenness efforts of manufacturer.

We substitute Equations (20) and (21) into Equation (18) and obtain the following manufacturer’s
profit function:

π I I
m = ρm(a + λsxI I

s + λmxI I
m , )− (1 − φ2)(xI I

m )
2 − θ2(xI I

s )
2
. (22)
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We differentiate π I I
m with the subsidy rate θ2 under the government’s second subsidy policy,

we then obtain manufacturer’s optimal subsidy rate, which is given by Proposition 5.

Proposition 5. When the government offers the second subsidy policy, the manufacturer’s optimal subsidy rate is

θ2 =

{
2(ρm+φ2)−ρs
2(ρm+φ2)+ρs

if (ρm + φ2) ≥ 0.5ρs

0 else
. (23)

Though the structure of manufacturer’s optimal subsidy rate is similar to that under the first
subsidy policy, we also find some new managerial implications. First, we find that manufacturer
is willing to provide a subsidy rate to supplier under the government’s second subsidy policy.
Even if the manufacturer’s marginal profit is lower than half of the supplier’s marginal profit,
the manufacturer may offer a subsidy rate to the supplier if the government adopts the second
subsidy policy. This conclusion differs from that under the government’s first subsidy policy. Second,
proving that θ2 ≥ θ1 is easy. Manufacturer will offer an identical subsidy rate to supplier under
a different subsidy policy if and only if the government does not grant a subsidy to manufacturer.
Otherwise, manufacturer will offer a higher subsidy rate to supplier than that under the government’s
first subsidy policy. Third, we differentiate θ2 with respect to φ2, and knowing that (ρm + φ2) ≥ 0.5ρs,
we have ∂θ2/∂φ2 > 0. If the government offers high subsidy to manufacturer, manufacturer may
develop strong motivation to offer a high subsidy rate to supplier. This conclusion differs from that
obtained under the government’s first subsidy policy.

Substituting Equations (20), (21), and (23) into Equation (19) and obtain social welfare W,
and differentiating W with the subsidy φ2, we obtain the government’s optimal subsidy, which
is given by Proposition 6.

Proposition 6. When the government offers the second subsidy policy, the government’s optimal subsidy φ2 is

φ2 =

{
2βρs(2λm

2+λs
2)+[4a+ρsλs

2+2ρm(λm
2+λs

2)](λm
2+λs

2)
2(λm2+λs2)[2β−(λm2+λs2)]

if 2β > (λm
2 + λs

2)

0 else
(24)

Compared with the restraining condition of Equation (14), the subsidy’s restraining condition
in Equation (24) is stricter than that in Equation (14). This finding suggests that manufacturer may
easily gain subsidy from the government if the first subsidy policy is adopted. Differentiating φ2 from
λm, ρs and ρm, and knowing that 2β ≥ λm

2, we then have ∂φ2/∂λm > 0, and ∂φ2/∂ρi > 0, (i = s, m).
Together with the results of Proposition 3, we obtain the following findings. (i) The government tends
to offer a subsidy to the core manufacturer regardless of whether the first or second policy is adopted;
(ii) The government tends to provide high subsidy if the manufacturer has a high level of profitability.

We substitute Equation (24) into Equation (23) and obtain the following optimal subsidy rate
of manufacturer:

θ2 =


(2ρm−ρs)Y+X
(2ρm+ρs)Y+X if 2β > (λm

2 + λs
2)&(2ρm + X/Y) > ρs

2ρm−ρs
2ρm+ρs

if 2β ≤ (λm
2 + λs

2)&2ρm > ρs

0 else

, (25)

where X = 2βρs(2λm
2 + λs

2) + [4a + ρsλs
2 + 2ρm(λm

2 + λs
2)](λm

2 + λs
2), and Y = (λm

2 + λs
2)

[2β − (λm
2 + λs

2)].
Manufacturer will provide a high subsidy rate to supplier under the government’s second subsidy

policy when 2β > (λm
2 + λs

2)&(2ρm + X/Y) > ρs holds. In this situation, manufacturer has strong
motivation to support supplier.
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We substitute Equations (25) and (24) into Equations (20) and (21), respectively, and then obtain
the optimal greenness efforts of supply chain member under the government’s second subsidy policy:

xI I
s =


λs(2ρmY+ρsY+X)

4Y if 2β > (λm
2 + λs

2)&(2ρm + X/Y) > ρs
1
4 λs(2ρm + ρs) if 2β ≤ (λm

2 + λs
2)&2ρm > ρs

1
2 λsρs else

, (26)

and

xI I
m =

{
2λmρmY+λmX

4Y if 2β > (λm
2 + λs

2)
1
2 λmρm else

, (27)

where X = 2βρs(2λm
2 + λs

2) + [4a + ρsλs
2 + 2ρm(λm

2 + λs
2)](λm

2 + λs
2), and Y = (λm

2 + λs
2)

[2β − (λm
2 + λs

2)].
When 2β > (λm

2 + λs
2)&(2ρm + X/Y) > ρs holds, supplier’s spending on green product design

under the government’s second subsidy policy will be higher than that under the government’s
first subsidy policy. Together with the results of Equation (25), we obtain the following conclusion:
when the condition 2β > (λm

2 + λs
2)&(2ρm + X/Y) > ρs is satisfied, the manufacturer will provide

a high subsidy rate to the supplier, and the supplier will enhance his greenness efforts within the
government’s second subsidy policy.

Together with Propositions 4–6, we can get the profits of two firms, π I I
s and π I I

m , and the social
welfare, W I I .

4. Numerical Analysis

A numerical analysis of the effects of different subsidy policies of the government on social welfare
and profits of supply chain members may allow the government to measure the effects of changes
in parameter on social welfare. The government can use such an analysis to determine (i) when to
grant the first subsidy policy; (ii) when to grant the second subsidy policy; and (iii) the total budget
of subsidies.

Firstly, we study the effects of the parameter λm on social welfare and profits of supply chain
members. Our numerical analysis uses the following values to establish ranges for model parameters:
α = 600, λs = 4, p = 40, β = 13, ρs = 10, ρm = 15. We define the value of x axis as λm, which
represents the effect of manufacturer’s component on the green degree of the final product. While if
we define the value of x axis as β(λs), we can obtain the similar results. A high value of λm means that
the manufacturer’s component has a significant effect on the green degree of the final product, and the
green characteristic of the final product then becomes a significant factor that affects the purchase
decisions of consumers. The value of (λ2

m + λ2
s )/2 will first approach the value of price sensitivity

β as the value of λm increases, and the value of λ2
m/2 will then reach the value of price sensitivity β.

The government could provide two subsidy policies when the value of price sensitivity is large enough
(i.e., β > (λ2

m + λ2
s )/2). By contrast, the government will provide only the first subsidy policy if the

value of price sensitivity is in a mediate level (i.e., λ2
m/2 ≤ β ≤ (λ2

m + λ2
s )/2), and when the value of

price sensitivity is low (i.e., β < λ2
m/2 is satisfied), the government will not tend to offer a subsidy

to manufacturer.
To obtain a qualitative insight on how social welfare and profits of supply members vary

when λm varies in two scenarios, we keep other parameters fixed and draw the relationships in
the following figures.

The left part of Figure 1 shows that the condition β > (λ2
m + λ2

s )/2 is satisfied, whereas the right
part shows that the condition does not hold. The left part of Figure 1 shows the following implications.
(i) All else being equal, social welfare will increase under the government’s two subsidy policies as λm

increases. Social welfare will increase sharply when (λ2
m + λ2

s )/2 reaches the value of price sensitivity
β; (ii) Social welfare under the government’s second subsidy policy is always higher than that under
the government’s first subsidy policy if β > (λ2

m + λ2
s )/2 holds. This finding indicates that when the
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value of price sensitivity is large enough (i.e., β > (λ2
m + λ2

s )/2), the government should offer the
second subsidy policy to maximize social welfare.
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The right part of Figure 1 indicates the following implications. (i) All else being equal, an increase
in λm will increase social welfare if λ2

m/2 ≤ β ≤ (λ2
m + λ2

s )/2 holds; (ii) Social welfare under the
government’s first subsidy policy is always higher than that under the government’s second subsidy
policy if λ2

m/2 ≤ β ≤ (λ2
m + λ2

s )/2 is satisfied. This finding indicates that the government should
offer the first subsidy policy if the value of price sensitivity is in a mediate level (i.e., λ2

m/2 ≤ β ≤
(λ2

m +λ2
s )/2); (iii) When the value of price sensitivity is low (i.e., β < λ2

m/2 is satisfied), the government
might not offer subsidy to manufacturer.

Figure 2 presents the relationships between the government subsidy and parameter λm. Figure 2
offers the following implications. (i) The government will offer a high subsidy budget under the
second subsidy policy if β > (λ2

m + λ2
s )/2 holds; (ii) The government will grant a high subsidy budget

under the first subsidy when λ2
m/2 ≤ β ≤ (λ2

m + λ2
s )/2 is satisfied; (iii) The government will not offer

a subsidy budget if β < λ2
m/2 holds. Together with the results of Figure 1, we also find that social

welfare is affected by the government’s subsidy budget, that is, an increase in subsidy budget will
increase social welfare.

Figure 3 has a similar structure to Figure 4, and we can obtain similar results for supplier and
manufacturer. First, a supply chain member will obtain a higher profit under the second subsidy policy
than that under the first subsidy policy if β > (λ2

m + λ2
s )/2 holds. Second, a supply chain member will

obtain increased profit from the government’s first subsidy policy when λ2
m/2 ≤ β ≤ (λ2

m + λ2
s )/2

is satisfied. Third, if β < λ2
m/2 holds, the profits of supply chain members do not depend on the

government’s adoption of the first or second subsidy policies. Fourth, together with the results of
Figures 1 and 2, we find that increased government subsidy budget will increase social welfare and
profits of supply chain members.
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Secondly, we investigate the effects of marginal profit on social welfare and profits of supply
chain members. Then, we keep the following parameters with values fixed: α = 600, λs = 4, p = 40,
β = 13, ρs + ρm = 10. We define the value of x axis as ρs/(ρs + ρm), which represents the supplier’s
marginal profit ratio in the whole supply chain. Here, we consider two situations: (i) the condition
2β > (λ2

m + λ2
s ) is satisfied; and (ii) the condition λ2

m/2 ≤ β ≤ (λ2
m + λ2

s )/2 holds. Under the first
situation, we let λm = 2, and then we obtain the following figures (left-hand sides of Figures 5–7).
Under the second situation, we let λm = 4, and then we get the following figures (right-hand sides of
Figures 5–7).
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From Figures 5–7, we can obtain the following facts. (i) The supplier’s marginal profit has no
effect on the government’s selection of subsidy policy. If the condition 2β > (λ2

m + λ2
s ) is satisfied, no

matter how much the supplier’s marginal profit ratio in the whole supply chain is, the government
is willing to grant the second subsidy policy, while, if the condition λ2

m/2 ≤ β ≤ (λ2
m + λ2

s )/2 holds,
the government prefers to adopt the first subsidy policy; (ii) For the manufacturer, the supplier’s
marginal profit ratio has a negative effect on the manufacturer’s profit. If the condition 2β > (λ2

m + λ2
s )

is satisfied, the manufacturer can get more profit when the government grants a second subsidy
policy, while, if the condition λ2

m/2 ≤ β ≤ (λ2
m + λ2

s )/2 holds, the manufacturer would expect the
government provides the first subsidy policy; (iii) For the supplier, as the marginal profit ratio increases,
the supplier’s profit will increase. Similar to the manufacturer, if the condition 2β > (λ2

m + λ2
s ) holds,

the supplier can obtain more profit under the government’s second subsidy policy. When the condition
λ2

m/2 ≤ β ≤ (λ2
m + λ2

s )/2 holds, the supplier always prefers to the government’s first subsidy policy.
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5. Conclusions

Today, an increasing number of governments offer subsidy policies to support related firms in
producing green products. This paper investigates the effects of two subsidy policies of the government
on the decision making of players. The supply chain system discussed in this study consists of supplier,
manufacturer, and the government. The optimal decisions of all channel members under two different
subsidy policies are calculated and compared using game and optimization theories: (i) the first
subsidy policy (government provides a subsidy rate to the cost of greenness efforts of manufacturer);
and (ii) the second subsidy policy (government offers a per unit subsidy to manufacturer).
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Our major managerial implications are summarized as follows. First, when manufacturer has
small marginal profit, the government will offer a high subsidy rate to manufacturer under the first
subsidy policy, whereas a low subsidy rate will be offered to manufacturer under the second subsidy
policy. Second, if the value of price sensitivity is large enough, the government will adopt the second
subsidy policy, and the profit of supply chain members are improved under this situation. Third, when
the value of price sensitivity is in a mediate level, the government will provide the first subsidy policy,
and improving the profit of supply chain members. Fourth, when the value of price sensitivity is low,
the government might not be willing to offer a subsidy to manufacturer.

Our study has a number of limitations that offer directions for future research. First, our models
assume that price is constant. Introducing the factors of pricing and advertising into the model
may be considered in future research. Second, we consider a supply chain system that includes one
supplier and one manufacturer. Further research could extend the supply chain system to a framework
involving multiple suppliers and manufacturers.
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Appendix A

Proof of Propositions 1–3. When the government provides a subsidy rate to the cost of greenness
efforts of manufacturer, then the profit functions for the supplier is represented by:

πs(t) = ρsQ − (1 − θ1)x2
s , (A1)

and the profit function for the manufacturer is given by:

πm(t) = ρmQ − (1 − φ1)x2
m − θ1x2

s . (A2)

The first order conditions:{
∂πs/∂xs = λsρs − 2(1 − θ1)xs

∂πm/∂xm = λmρm − 2(1 − φ1)xm
. (A3)

The second order conditions:{
∂2πs/∂x2

s = −(1 − θ1) ≤ 0
∂2πm/∂x2

m = −(1 − φ1) ≤ 0
. (A4)

Therefore, the supplier’s (manufacturer’s) profit function is concave in xs(xm). Equating the first
order conditions to 0, we obtain:

xI
s =

λsρs

2(1 − θ1)
, (A5)

and
xI

s =
λmρm

2(1 − φ1)
. (A6)

Substituting Equations (A5) and (A6) into Equation (A2), and solving the manufacturer’s profit
function for optimal subsidy rate θ1

max
θ1

πm(θ1). (A7)
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The first order condition:

∂πm

∂θ1
=

λ2
s ρs(2ρmθ1 − 2ρm + ρs + ρsθ1)

4(θ1 − 1)3 . (A8)

The second order condition:

∂2πm

∂θ2
1

= −λ2
s ρs(2ρmθ1 + ρsθ1 − 2ρm + 2ρs)

2(1 − θ1)
4 . (A9)

The manufacturer’s profit function is strictly concave in θ1 if the condition θ1 > (2ρm −2ρs)/(2ρm +ρs)

holds. Therefore, using the first order condition to get the optimal subsidy rate:

θ∗1 =

{
2ρm−ρs
2ρm+ρs

i f ρm ≥ 0.5ρs

0 else
. (A10)

If the condition ρm ≥ 0.5ρs is satisfied, we can find θ1 > (2ρm − 2ρs)/(2ρm + ρs). This approach is
also found in the previous studies [29,30].

From Equation (1), we can obtain the inverse demand function Pd:

p = (α − q + λsxs + λmxm)/β. (A11)

Substituting Equations (A5), (A6) and (A10) into Equation (9), and solving the government’s
objective function for optimal subsidy rate φ1

max
φ1

W(φ1). (A12)

The first order condition:

∂W
∂φ1

=

(
α+

λ2
mρm

2(1−θ1)
+ 1

4 λ2
s (2ρm+ρs)

)
λ2

mρm

2β(1−θ1)
2 − pρmλ2

m−ρ2
mλ2

m−ρsρmλ2
m

2(1−θ1)
2 − ρ2

mλ2
m

2(1−θ1)
3 . (A13)

The second order condition:

∂2W
∂φ2

1
= ρ2

mλ4
m

4β(1−θ1)
4 +

(
α+

λ2
mρm

2(1−θ1)
+ 1

4 λ2
s (2ρm+ρs)

)
λ2

mρm

β(1−θ1)
3

− pρmλ2
m−ρ2

mλ2
m−ρsρmλ2

m
(1−θ1)

3 − 3ρ2
mλ2

m
2(1−θ1)

4 .
(A14)

The government’s objective function is strictly concave in φ1 if the condition φ1 >
4(α−βp)+ρs(λs

2+4β)+3ρmλm
2+2ρmλs

2−2ρmβ

4(α−βp)+2ρm(2β+λ2
s )+ρs(λs2+4β)

holds. Therefore, using the first order condition to get the optimal
subsidy rate:

φ∗
1 =

{
4a+2ρm(λm

2+λs
2)+ρs(λs

2+4β)

4a+2ρm(2β+λ2
s )+ρs(λs2+4β)

i f 2β ≥ λm
2

0 else
. (A15)

We can find that φ∗
1 > 4(α−βp)+ρs(λs

2+4β)+3ρmλm
2+2ρmλs

2−2ρmβ

4(α−βp)+2ρm(2β+λ2
s )+ρs(λs2+4β)

if the condition 2β ≥ λm
2 holds. �

Proof of Propositions 4–6. Similar to the proof of Propositions 1, using backward induction and
solving the first-order condition of Equations (17) and (18) with respect to xs and xm, respectively, yield

xI I
s =

λsρs

2(1 − θ2)
, (A16)
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and
xI I

m =
1
2

λm(ρm + φ2). (A17)

Substituting Equations (A16) and (A17) into Equation (18), and solving the manufacturer’s profit
function for optimal subsidy rate θ2

max
θ2

πm(θ2). (A18)

The first order conditions:

∂πm

∂θ2
=

λ2
s ρs(2ρmθ2 − 2ρm + ρs + ρsθ2 + 2φ2θ2 − 2φ2)

4(θ2 − 1)3 . (A19)

The second order conditions:

∂2πm

∂θ2
2

= −λ2
s ρs(2ρmθ2 + ρsθ2 + 2φ2θ2 − 2ρm + 2ρs − 2φ2)

2(1 − θ2)
4 . (A20)

The manufacturer’s profit function is strictly concave in θ2 if the condition θ2 > 2(ρm + φ2 − ρs)/
(2ρm + 2φ2 + ρs) holds. Therefore, using the first order condition to get the optimal subsidy rate:

θ∗2 =

{
2(ρm+φ2)−ρs
2(ρm+φ2)+ρs

i f (ρm + φ2) ≥ 0.5ρs

0 else
. (A21)

We can find that θ∗2 > 2(ρm + φ2 − ρs)/(2ρm + 2φ2 + ρs) if the condition (ρm + φ2) ≥ 0.5ρs hold.
Substituting Equations (A17), (A18) and (A21) into Equation (19), and solving the government’s

objective function for optimal subsidy rate φ2

max
φ2

W(φ2). (A22)

Then, we can get the first order condition ∂W/∂φ2, and the second order condition is:

∂2W
∂φ2

2
= − (λ2

m + λ2
s)(2β − λ2

m − λ2
s)

4β
. (A23)

The government’s objective function is strictly concave in φ2 if the condition 2β > (λm
2 + λs

2)

holds. Therefore, using the first order condition to get the optimal subsidy rate:

φ2 =

{
2βρs(2λm

2+λs
2)+[4a+ρsλs

2+2ρm(λm
2+λs

2)](λm
2+λs

2)
2(λm2+λs2)[2β−(λm2+λs2)]

i f 2β > (λm
2 + λs

2)

0 else
. (A24)

References

1. Drumwright, M.E. Socially responsible organizational buying: Environmental concern as a noneconomic
buying criterion. J. Mark. 1994, 58, 1–19. [CrossRef]

2. Chen, Y.-S. The drivers of green brand equity: Green brand image, green satisfaction, and green trust.
J. Bus. Ethics 2010, 93, 307–319. [CrossRef]

3. Vachon, S.; Klassen, R.D. Environmental management and manufacturing performance: The role of
collaboration in the supply chain. Int. J. Prod. Econ. 2008, 111, 299–315. [CrossRef]

4. Woodyard, C. Obama pushes electric cars, battery power this week. USA Today, 14 July 2010.
5. Sheparson, D. White House: Boost EV, alternative vehicle tax credits to $10,000. The Detroit News, 10 March 2014.
6. Motavalli, J. China to Start Pilot Program, Providing Subsidies for Electric Cars and Hybrids. New York Times,

2 June 2010.

http://dx.doi.org/10.2307/1252307
http://dx.doi.org/10.1007/s10551-009-0223-9
http://dx.doi.org/10.1016/j.ijpe.2006.11.030


Sustainability 2016, 8, 1290 17 of 18

7. Huang, J.; Leng, M.; Liang, L.; Liu, J. Promoting electric automobiles: Supply chain analysis under a
government’s subsidy incentive scheme. IIE Trans. 2013, 45, 826–844. [CrossRef]

8. Diamond, D. The impact of government incentives for hybrid-electric vehicles: Evidence from us states.
Energy Policy 2009, 37, 972–983. [CrossRef]

9. Luo, C.; Leng, M.; Huang, J.; Liang, L. Supply chain analysis under a price-discount incentive scheme for
electric vehicles. Eur. J. Oper. Res. 2014, 235, 329–333. [CrossRef]

10. Huang, J.; Leng, M.; Liang, L.; Luo, C. Qualifying for a government’s scrappage program to stimulate
consumers’ trade-in transactions? Analysis of an automobile supply chain involving a manufacturer and a
retailer. Eur. J. Oper. Res. 2014, 239, 363–376. [CrossRef]

11. Zhang, X. Reference-dependent electric vehicle production strategy considering subsidies and consumer
trade-offs. Energy Policy 2014, 67, 422–430. [CrossRef]

12. Mitra, S.; Webster, S. Competition in remanufacturing and the effects of government subsidies. Int. J. Prod. Econ.
2008, 111, 287–298. [CrossRef]

13. Bansal, S. Choice and design of regulatory instruments in the presence of green consumers. Resour. Energy Econ.
2008, 30, 345–368. [CrossRef]

14. Aksen, D.; Aras, N.; Karaarslan, A.G. Design and analysis of government subsidized collection systems for
incentive-dependent returns. Int. J. Prod. Econ. 2009, 119, 308–327. [CrossRef]

15. Sheu, J.B. Bargaining framework for competitive green supply chains under governmental financial
intervention. Transp. Res. E Logist. Transp. Rev. 2011, 47, 573–592. [CrossRef]

16. Sheu, J.B.; Chen, Y.J. Impact of government financial intervention on competition among green supply chains.
Int. J. Prod. Econ. 2012, 138, 201–213. [CrossRef]

17. Ma, W.M.; Zhao, Z.; Ke, H. Dual-channel closed-loop supply chain with government consumption-subsidy.
Eur. J. Oper. Res. 2013, 226, 221–227. [CrossRef]

18. Wang, K.; Zhao, Y.; Cheng, Y.; Choi, T.M. Cooperation or competition? Channel choice for a remanufacturing
fashion supply chain with government subsidy. Sustainability 2014, 6, 7292–7310. [CrossRef]

19. Hu, G.; Wang, L.; Chen, Y.; Bidanda, B. An oligopoly model to analyze the market and social welfare for
green manufacturing industry. J. Clean. Prod. 2014, 85, 94–103. [CrossRef]

20. Raz, G.; Ovchinnikov, A. Coordinating pricing and supply of public interest goods using government rebates
and subsidies. IEEE Trans. Eng. Manag. 2015, 62, 65–79. [CrossRef]

21. Bi, G.; Jin, M.; Ling, L.; Yang, F. Environmental subsidy and the choice of green technology in the presence of
green consumers. Ann. Oper. Res. 2016. [CrossRef]

22. He, R.; Xiong, Y.; Lin, Z. Carbon emissions in a dual channel closed loop supply chain: The impact of
consumer free riding behavior. J. Clean. Prod. 2016, 134, 384–394. [CrossRef]

23. Chao, G.H.; Iravani, S.M.R.; Savaskan, R.C. Quality improvement incentives and product recall cost sharing
contracts. Manag. Sci. 2009, 55, 1122–1138. [CrossRef]

24. Balachandran, K.R.; Radhakrishnan, S. Quality implications of warranties in a supply chain. Manag. Sci.
2005, 51, 1266–1277. [CrossRef]

25. Jin, C.F.; Wang, X.; Mei, L.J. Analysis on the optimal subsidy strategy of government in green supply chain.
Adv. Mater. Res. 2011, 224, 147–151. [CrossRef]

26. Zhu, K.; Zhang, R.Q.; Tsung, F. Pushing quality improvement along supply chains. Manag. Sci. 2007, 53,
421–436. [CrossRef]

27. Lee, C.H.; Rhee, B.D.; Cheng, T.C.E. Quality uncertainty and quality-compensation contract for supply chain
coordination. Eur. J. Oper. Res. 2013, 228, 582–591. [CrossRef]

28. He, Y.; Xu, Q.; Xu, B.; Wu, P. Supply chain coordination in quality improvement with reference effects. J. Oper.
Res. Soc. 2016, 67, 1158–1168. [CrossRef]

29. Ghosh, D.; Shah, J. A comparative analysis of greening policies across supply chain structures. Int. J. Prod. Econ.
2012, 135, 568–583. [CrossRef]

30. 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]

31. Xie, G.; Wang, S.; Lai, K.K. Quality improvement in competing supply chains. Int. J. Prod. Econ. 2011, 134,
262–270. [CrossRef]

32. Gavious, A.; Lowengart, O. Price–quality relationship in the presence of asymmetric dynamic reference
quality effects. Mark. Lett. 2012, 23, 137–161. [CrossRef]

http://dx.doi.org/10.1080/0740817X.2012.763003
http://dx.doi.org/10.1016/j.enpol.2008.09.094
http://dx.doi.org/10.1016/j.ejor.2013.11.021
http://dx.doi.org/10.1016/j.ejor.2014.05.012
http://dx.doi.org/10.1016/j.enpol.2013.12.028
http://dx.doi.org/10.1016/j.ijpe.2007.02.042
http://dx.doi.org/10.1016/j.reseneeco.2008.01.001
http://dx.doi.org/10.1016/j.ijpe.2009.02.012
http://dx.doi.org/10.1016/j.tre.2010.12.006
http://dx.doi.org/10.1016/j.ijpe.2012.03.024
http://dx.doi.org/10.1016/j.ejor.2012.10.033
http://dx.doi.org/10.3390/su6107292
http://dx.doi.org/10.1016/j.jclepro.2014.01.016
http://dx.doi.org/10.1109/TEM.2014.2380999
http://dx.doi.org/10.1007/s10479-016-2106-7
http://dx.doi.org/10.1016/j.jclepro.2016.02.142
http://dx.doi.org/10.1287/mnsc.1090.1008
http://dx.doi.org/10.1287/mnsc.1050.0408
http://dx.doi.org/10.4028/www.scientific.net/AMR.224.147
http://dx.doi.org/10.1287/mnsc.1060.0634
http://dx.doi.org/10.1016/j.ejor.2013.02.027
http://dx.doi.org/10.1057/jors.2016.10
http://dx.doi.org/10.1016/j.ijpe.2011.05.027
http://dx.doi.org/10.1016/j.ijpe.2014.11.005
http://dx.doi.org/10.1016/j.ijpe.2011.07.007
http://dx.doi.org/10.1007/s11002-011-9143-4


Sustainability 2016, 8, 1290 18 of 18

33. Snee, R.D.; Hoerl, R.W. Leading Six Sigma: A Step-by-Step Guide Based on Experience with GE and Other Six
Sigma Companies; FT Press: Upper Saddle River, NJ, USA, 2003.

34. Kim, B.; El Ouardighi, F. Supplier-manufacturer collaboration on new product development. In Advances in
Dynamic Games and Applications to Ecology and Economics; Jørgensen, S., Vincent, T., Quincampoix, M., Eds.;
Birkhauser: Boston, MA, USA, 2007.

35. El Ouardighi, F.; Kim, B. Supply quality management with wholesale price and revenue-sharing contracts
under horizontal competition. Eur. J. Oper. Res. 2010, 206, 329–340. [CrossRef]

© 2016 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/10.1016/j.ejor.2010.02.035
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Literature Review 
	Model Development 
	Scenario I: The Government Provides a Subsidy Rate to the Cost of Greenness Efforts of Manufacturer 
	Scenario II: The Government Grants a Per Unit Subsidy to Manufacturer for the Demand for Green Product 

	Numerical Analysis 
	Conclusions 
	

