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Abstract: With a rigid requirement for environment protection, governments need to make appropriate
policies to induce firms to adopt green technology in consideration of the rapidly increasing demand
for environmentally friendly products. We investigated the government policy from the perspective of
a supply chain, which consisted of the upstream government (she) and the downstream manufacturing
firm (he). The government decided on the policy (tax or subsidy) to maximize the social welfare,
while the firm decided on the greenness level of the product, which affects the consumers’ choice
behavior and hence his own demand. Assuming else being equal, the government should adopt
the tax policy if consumers are very sensitive to the greenness, the cost of greening is high, or the
negative impact due to carbon emission is large, and subsidize the firm otherwise. We also conduct
some numerical studies when price is endogenous. The main insights can be carried over.
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1. Introduction

Environment protection is receiving increasing attention nowadays. In Beijing, China, the local
residents are against the establishment of a new steel factory due to the concerns of greenhouse effect
and pollution damage [1]. As a result, the regulatory policy of the government became rigid to the
firms. The carbon emission exchange platform was very active in 2018 and China’s carbon trading
market had a total transaction volume of roughly $985 million U.S. by the end of May, according to
the official data [2]. On the other hand, consumers are becoming more conscious about the carbon
emission of the final products sold in supermarkets. Based on the survey by China Daily [3], consumers
are willing to pay more for the product with the label “organic” compared to the generic products.
According to the BBMG (a brand and social innovation consulting company) conscious consumer
report, 67% of Americans think that when buying products, a customer needs to consider whether it
is good for the environment, and 51% are willing to pay higher prices for environmentally friendly
products [4]. However, firms are reluctant to adopt new green technology to produce products with
less carbon emissions in general [5].

To entice the firms to reduce carbon emissions, governments in different countries implement
different policies, which can be classified as tax or subsidy policies. In 2018, China gave BYD (Build
Your Dreams), an electric vehicle manufacturer, a subsidy of up to 50,000 RMB per vehicle [6]. However,
carbon emissions in the auto industry are not as good as expected [7]. In contrast, the US passed CAFE
(corporate average fuel economy) regulations, which requires the manufacturer to pay a penalty of
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$5.50 per 0.1 mpg for each product. After Finland and Sweden introduced a carbon dioxide tax in 1990s,
carbon pricing systems, including taxes and cap-and-trade measures (which work similarly), have been
adopted or planned in 40 countries and more than 20 cities, according to the World Bank. In Canada,
carbon emissions in British Columbia dropped between 5% and 15% because of the tax [8]. Therefore,
how to make appropriate policy to reduce carbon emissions is a big challenge facing governments.

We investigated this problem from a supply chain perspective. Specifically, we considered a
two-tier supply chain consisting of one government policy-maker and one manufacturer. The key
questions we aimed to answer included: (i) Which policy (tax or subsidy) should be adopted by
the government? (ii) How will different factors (e.g., environment externality, the cost of new
technology, etc.) affect the policy making? (iii) How will the manufacturer react in response to the
government policy?

We established a stylized model setting to investigate the above questions. The government, as the
Stackelberg leader, decides whether to tax or subsidize the firm in a particular industry, considering his
possible reactions to different policies. The firm, as the Stackelberg follower, decides greening degree
of his product, considering the consciousness of consumers to environmental protection (e.g., carbon
emissions, pollutants, etc.). Our main findings are three-fold: Firstly, the government should adopt a
tax policy if consumers are rather sensitive to the greenness level of products, the cost of greening
is high, or the negative impact due to carbon emission is large, and subsidize the firm otherwise.
Secondly, the firm will adopt a greener technology no matter the which policy (tax or subsidy) the
government adopts compared with the situation without any government intervention. Lastly, the less
sensitive consumers are toward the greenness of products, or the lower the cost of greening, the higher
the consumers’ surplus.

In Section 2, we discuss the body of literature relating to this subject. In Section 3, we conceptualize
and formulate the model used in this article and give the main results. In Section 4, we extend our
model setting, incorporating the endogenous pricing issue. We conclude the paper in Section 5.

2. Literature Review

Our paper mainly relates to the following three streams of literature: (1) consumer behavior to the
greenness of products (e.g., environmentally friendly products); (2) green supply chain management;
and (3) government policy on operations and supply chain.

Consumer awareness regarding the greenness of products has received increasing attention.
Among early works, Bei and Simpson [9] investigated consumer preferences for environmentally
friendly products and evaluated the factors influencing consumer decision-making when purchasing
recyclable products: price, expected quality and psychological benefits. Chen [10] established a
quality-based model for products with both traditional and environmentally friendly attributes
and segmented the market based on the environmental awareness of consumers. Interestingly, the
development of green products and strict environmental standards are not necessarily environmentally
beneficial. Ghosh and Shah [11] analyzed a structure where both the retailer and manufacturer benefit
out of green initiatives (which results in an increase in market demand of the green product), however
the cost of greening falls on the manufacturer. Nduneseokwu et al. [12] conducted an empirical
survey in Onitsha and developed a theoretical framework based on the theory of planned behavior
(TPB), finding that attitude, subjective norms and environmental knowledge are the major influencing
factors in developing intentions to engage in formal e-waste collections. In this paper we assume that
consumers are green-sensitive and the greening level of a product is of a quantifiable attribute.

The second stream that closely related to ours is on green supply chain management.
Appolloni et al. [13] carried out a comprehensive literature review between 1996 and 2013 on
three themes of environmental supply chain management and developed a conceptual framework of
green procurement for future empirical research. Zhang et al. [14] focused on the optimal production
decision of the manufacturer under stochastic demand with a total emission cap in the trading system.
Swami and Shah [15] showed that both manufacturers and retailers invested in greening, which led to
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demand expansion. They analyzed the optimality of greening effort and proposed a two-part tariff
contract to coordinate the green supply chain. Ren et al. [16] investigated the allocation of carbon
emission reduction targets relating to products in a decentralized make-to-order production supply
chain. Ghosh et al. [17] studied the impact of product greening costs and government regulations on a
single firm and duopoly in a green-sensitive consumer market. Green supply chain management also
includes those investigating the remanufacturing related activities such as product design, recovery,
collection and reverse logistics (see e.g., Atasu et al.; Mitra and Webster [18,19]). Different from
the above-mentioned literature, we considered a green supply chain consisting of one government
policy-maker and one manufacturing firm. The government endogenously decides her policy (tax or
subsidy) to maximize the total social welfare.

Our work is also closely related to those literature investigating government policies on firm’s
greening behavior. Barnett [20] discussed the case of a monopolist who produces a single polluting
product and incurs a tax as a consequence. Gouda et al. [21] surveyed the impact of composite
regulatory plans on automobile manufacturers product development. Krass et al. [22] established a
price-dependent demand model focusing on the role of environmental taxes in reducing environmental
pollution. Yu et al. [23] considered government subsidy polies on different subjects, (i.e., manufacturers,
consumers or both). The optimal policy depends on two factors: whether the products have a
well-established market price, and how the government weighs on consumer welfare versus the
manufacturer’s profit. Taking into account the expected and undesired output, Qu et al. [24] use the
EBM (epsilon-based measure) model to measure the green growth efficiency of China’s manufacturing
industry putting forward that an environmental policy can guide green technology innovation.
Furthermore, other environmental government policies such as Green Public Procurement (GPP)
have also been investigated (see Cheng et al.; Rizzi et al. [25,26]). Our paper considers the optimal
government policy making from a supply chain perspective, considering both the manufacturer’s
profit and consumers’ surplus as well as the social externalities due to carbon emission. The main
factors driving different government policies depend on the greening cost, the sensitivity of consumers
on the greenness of products and (perceived) negative effects taken by the production process.

3. Modeling

3.1. Basic Model Settings

In this model, the consumer demand is positively affected by the greenness of products produced
by the manufacturer which we define as a quantifiable, measurable attribute. Swami and Shah
(2012) refer to this phenomenon as the demand expansion effect of greening efforts. Consumers are
more inclined to buy appliances with lower energy consumption levels and vehicles with higher
fuel efficiency, which are examples of product greening improvements that have contributed to
increased demand.

This paper considers the single choice decision-making process of product greenness, assuming
that a is the total market demand faced by enterprises, and p is the price of green products. Further,
θ is defined as the greening level of the product and is assumed to be continuous; both positive and
negative values of θ are acceptable. In addition, b and γ are consumers’ green-sensitivity and price
sensitivity coefficients, respectively. We assume that market demand is linearly decreasing in price and
increasing in the ‘greening level of products’. Linear demand models are often used in research because
of their processability, and can draw interesting conclusions about model parameters. Therefore,
market demand for products is as follows:

d = a + bθ− γp (1)

where a + bθ > γp and b,γ > 0.
The above expression reflects the phenomenon of increasing consumer demand caused by product

greenness. The cost per unit of products produced by an enterprise is c + λθ, in which constant c is the
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production cost per unit of a product when the level of greening is 0 and λ is the greening cost per unit,
showing that the unit cost to the enterprise increases with the greenness of products. Product costs
decrease if θ is less than 0, and product costs increase otherwise.

Enterprises must decide the level of greening for their own products. We next analyze
decision-making under the influence of consumer demand expansion with and without government
carbon emission policies in existence. We also explore the amount of tax or subsidies that should be set
by the government alongside carbon emission policies. In this way, we are able to measure the effect of
demand expansion and the influence of government policies on business’ decision-making. Based on
this, we explore the optimal level of government decision-making.

3.2. Demand Expansion Effect Only

The objective of the firm is

MaxπB(θ) = [p− (c + λθ)]d
= [p− (c + λθ)](a + bθ− γp)

(2)

Subscript B denotes the benchmark, meaning only the effect of demand expansion is considered.

That is, there is no government carbon emission policy. Since d2πB(θ)
dθ2 = −2bλ < 0, we can derive the

following optimal values:

θB =
b(p− c) − λ(a− γp)

2bλ
(3)

dB =
b(p− c) − λ(a− γp)

2λ
(4)

πB =
[b(p− c) + λ(a− γp)]2

4bλ
(5)

3.3. Demand Expansion Effect and Carbon Emission Policy Exist Together

We model government policy in a similar way to CAFE standards. In order to further study the
existence of government carbon emission policies, we consider penalty and subsidy policies within
the scope of government regulations in this model. Therefore, in addition to the previous parameters,
t denotes the penalty or subsidy levied per unit in greening standards for products produced by
the enterprise. From a practical point of view, we assume t < λ. For simplicity and generality, it is
assumed that the environmental standards set by the government is 0 (unless otherwise stated). Thus,
the objective function of the firm is:

Maxπ(t|s)(θ) = [p− (c + λθ) + tθ]d
= [p− (c + λθ) + tθ](a + bθ− γp)

(6)

The index (t
∣∣∣s) denotes the tax or subsidy. The expression above articulates an interesting

phenomenon. The government levies a linear tax for every unit of greening that the enterprise falls
short of, which is multiplied by total production quantity tθd(θ). On the contrary, when the greening
level of products is higher than normal, the government subsidizes a proportion of the greening
difference tθd(θ).

The goal of firms is to determine the greening level of products according to carbon emission
policies and production costs so as to maximize the objective function (6). Therefore, decision-making
follows this sequence: firstly, the firm determines the level of greening improvement of their products
and then realizes demand by setting greening level. By solving this problem, we draw the following
conclusions (refer to the Appendix A for proof):
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Proposition 1. The optimal level of greening achieved by the firm is:

θ(t|s) =
b(p− c) − (λ− t)(a− γp)

2b(λ− t)

{
< 0,λ > ∆1

≥ 0, t < λ ≤ ∆1
(7)

where ∆1 = t + b(p−c)
(a−γp) .

It can be inferred from the above proposition that when the greening cost λ is higher than the
limit denoted by ∆1, the greening level of products does not meet the standard set by the government.
Note that ∆1 is increasing in t, indicating that with the increase of government taxes, firms struggle to
achieve a higher level of greening (∂∆1

∂t > 0). Obviously, in the process of determining the best greening
level of products, costs and taxes remain the most prominent challenges faced by firms.

Under the given assumptions, substituting θ(t|s) for Equations (1) and (6) can express market
demand and the profit of the firm as follows d(t|s) =

b(p−c)+(λ−t)(a−γp)
2(λ−t)

π(t|s) =
[b(p−c)+(λ−t)(a−γp)]2

4b(λ−t)

(8)

Lemma 1. (i) The optimal greening level θ(t|s) and the optimal total output d(t|s) of the firm decreases in greening
cost λ and increases in demand sensitivity to greening b; (ii) the optimal profit of the firm decreases first when
t < λ < ∆1 then increases in λ and b.

When the cost of greening rises, the firm will take the initiative to reduce the greening level of their
products to reduce costs (see Figure 1a). At the same time, due to the existence of government-guided
price, greening level of the product declines, resulting in lower product demand, so the production of
the firm is also reduced (see Figure 1c). When t < λ < ∆1, that is, when the greening level of the firm’s
product is higher than the standard set by the government, the government must subsidize the firm.
In this case, with the increase of λ, the decrease of revenue and subsidies caused by the decrease of
product output is greater than the reduction of cost caused by the decrease of greening level. Therefore,
when t < λ < ∆1, the profit of the firm is decreasing in greening cost; when λ > ∆1, that is, the greening
level of the firm’s products is lower than the standard set by the government, the firm must pay tax for
their choice. In this case, when λ increases, both demand and the greening level of the product will
decrease, resulting in a reduction in tax greater than the reduction in profit. Therefore, when λ > ∆1,
the profit of the firm increases with the greening cost (see Figure 1c).

When the green-sensitivity of consumers increases, the firm will strive to improve the greening
level of their products to cater to the market (see Figure 1b). As the greening level of products increases,
so too will market demand and product output (see Figure 1d). When t < λ < ∆1, that is, the greening
level of products is higher than the standard set by the government, the government must subsidize
the firm. In this case, with the increase of b, greater profit and subsidies for higher output outweighs
the associated increase in greening costs. Therefore, profit is positively influenced by the increase
in consumers’ green-sensitivity. When λ > ∆1, that is, the greening level of the firms’ products is
lower than the standard set by the government, the firm is penalized with taxes. In this case, when
b increases, both demand and the greening level of the product will increase, resulting in increased
costs greater than the sum of increase of income and reduction of taxes. Therefore, profit is negatively
influenced by the increase in consumers’ green-sensitivity (see Figure 1d).
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The analysis above shows the effect of greening costs and consumers’ green-sensitivity to the
strategic decisions of the firm. Profitability is deeply affected by the cost of greening. Therefore,
the government must help consumers build green awareness so that businesses can benefit from the
green market. Whether taxes or subsidies are levied, the aim is to publicize green awareness and
encourage consumers to focus on more environmentally friendly products.

Although this analysis proves the influence of greening costs and consumers’ green-sensitivity on
business decision-making, it is also of great significance to analyze the role of government policies.
In the following section, we assess the enterprise’s optimal outcome in the presence of government
policies. This helps to distinguish the impact of government policies on the firm’s decision-making
and illustrates the role of government policies in influencing product greening.

3.4. The Impact of Government Policy

In this section, we assess and analyze the optimal outcome for the firm in two situations to
analyze the role of government policy, that is, how to implement government policy when demand
expansion effect exists. By calculating this, we have obtained the conditions for the government to
impose taxes or subsidies on the firm. By analyzing the impact of government policy on consumer
surplus and social welfare, we study the influence of government policy in detail and then analyze
optimal government policy.

Proposition 2. The greenness of products in the presence of government policy is higher than that in the absence
of government policy, that is, θ(t|s) ≥ θB.
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Comparing θ(t|s) and θB, we can come to the conclusion above. Government policy (taxes
or subsidies) plays a necessary role in forcing manufacturers to offer greener products than when
government policy does not exist (notice that θ(t|s) is increasing in t). The above analysis identifies that
with the increase of t, the greening level of products increases. This means that only manufacturers will
benefit from green-sensitive markets in the absence of government policy, but additional government
policy will result in increased greening levels of products, thereby improving the environment.
Therefore, from an environmental perspective, the existence of government policies is necessary.
Voluntary measures taken by firms to maximize profits and green conscious consumers needs may
promote greening measures, but the existence of government policy can further enhance this.

In the past, government policy has been thoroughly analyzed in associated literature. We next
analyze the impact of government policy on consumer surplus and social welfare. Consumer surplus
is represented by CS [27]:

CS(t|s) =

∫ d(t|s)

0
p
(
x,θ(t|s)

)
dx− pd(t|s) =

[b(p− c) + (λ− t)(a− γp)]2

8γ(λ− t)2 (9)

where p
(
x,θ(t|s)

)
is the inverse demand function, expressed by a+bθ−x

γ and x denotes the
production output.

Proposition 3. Consumer surplus in the presence of government policy is higher than that in the absence of
government policy, that is, CS(t|s) > CSB.

From the analysis above, although manufacturers may not benefit from government policy,
consumer surplus increases after the implementation of government policy. Therefore, leaving aside
the environmental perspective, from a consumer perspective, government policy is also necessary.

Lemma 2. Consumer surplus CS(t|s) decreases in greening cost λ and increases in consumers’ green sensitivity b.

Figure 2 shows that the increase in greening costs reduces consumer surplus, which poses a
major challenge to consumers and the government (see Figure 2a). However, consumers with higher
green-sensitivity can alleviate the impact of cost (see Figure 2b). Thus, the government is now
focusing on fostering consumers’ green awareness. Previous analysis shows that in the green market,
the existence of government carbon emission policies enables firms to provide greener products.
Although the government can influence strategic decisions by formulating carbon emission policies to
improve greening levels, at the same time, the government should also support firms by cultivating
green consumer markets.
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The government is concerned with the overall maximization of social welfare (SW). Social welfare
comes from a comprehensive consideration of profit, consumer surplus, government revenue and
environmental externality [20] expressed as:

SW = π(t|s) + CS− tθd + Eθd

=
[b(p−c)+(λ−t)(a−γp)]

8bγ(λ−t)2

{
[2γ(λ+ E− 2t) + b]b(p− c) + [2γ(λ− E) + b](λ− t)(a− γp)

} (10)

where E is environmental damage per unit of greening level for each product produced. It is exogenously
determined. We suppose that environmental damage is linear and is a function of the difference in
greening levels and production.

Proposition 4. Whenλ < E+ b
γ +

b(p−c)
a−γp , the government adopts a policy of subsidies; whenλ > E+ b

γ +
b(p−c)
a−γp ,

the government adopts a tax policy.

From Proposition 4, we can see that when the cost of greening λ is low, the cost of improving
greening levels is also low. The greening level of products is relatively high. The firm has a strong
willingness to produce more and higher greening level products. According to Richard Thaler’s nudge
theory [28], the government should subsidize firms that produce green products, and guide and
encourage them to meet market demand (see Figure 3). When the cost of greening λ is relatively high,
the cost of improving greening levels is also high, so the greening level of products is low and market
demand is limited. This creates a problem for the government. Therefore, the government should
punish firms by implementing tax policy, warn them and guide them to increase investment in green
technology research, carry out technological innovation and strive to reduce greening costs.
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Corollary 1. When b >
(a−γp)+γ(p−c)

γ(a−γp) (λ− E), the government adopts a subsidy policy; when b <
(a−γp)+γ(p−c)

γ(a−γp) (λ− E), the government adopts a tax policy.

This conclusion can be deduced from the condition of Proposition 4. It can be seen from Corollary
1 that when consumers’ green-sensitivity b is relatively limited, the greening level of products has little
influence on demand, so firms will produce products with lower greening levels, because, as Lemma 1
shows, improving the greening level of products will not increase profits. The government should
adopt tax policies to punish firms for adopting low greening levels, make them aware of the importance
of improving the greening level of products and guide the firm to produce greener products. When
consumers are more sensitive to greening levels, there is a greater impact on demand, so the firm will
produce products with higher greening levels to achieve higher profits. In this case, the government
should reward firms, subsidize the cost of improving the greening level of products, develop positive
models and encourage firms to produce greener products.
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Corollary 2. When E < λ − b
γ −

b(p−c)
a−γp , the government adopts a subsidy policy; when E > λ − b

γ −
b(p−c)
a−γp ,

the government adopts a tax policy.

This conclusion can also be deduced from the condition of Proposition 4. It can be concluded
from Corollary 2 that when environmental sensitivity is low, the difference in greening levels per
product will cause less damage to the environment. If the firm produces products with lower greening
levels, the impact on the environment will be relatively small. The government should implement tax
policies to prevent firms from profiteering by producing products with low greening levels. When
environmental sensitivity is relatively large, the difference in greening levels per product will cause
greater environmental harm. Therefore, from an environmental protection perspective, the government
hopes firms will produce greener products. In this case, the government should implement policies to
subsidize investment in greening to encourage firms to produce greener products.

4. Model Extensions

We have analyzed and concluded on a series of situations in which the firm must decide the
greening level of their products where price is exogenous. When the price of green products is
endogenous, that is, when the firm makes decisions on greening and price, does the conclusion drawn
above still hold?

Now the objective of the firm is

Max π(p,θ) = [p− (c + λθ) + tθ]d = [p− (c + λθ) + tθ](a + bθ− γp) (11)

Proposition 5. There is no optimal analytic solution to the case when the enterprise makes a decision on price
and greening levels.

As evidenced in this calculation, price and greening level decision-making optimization cannot
be modelled together for a number of reasons. For instance, numerical conditions relating to
government decisions are unavailable, thus, we use simulations to analyze the problem. The structure
is Max π(p,θ

∣∣∣t) , given p, t, then we can get θ∗(p, t). Substituting θ∗(p, t) to the objective function,
Max π(p,θ

∣∣∣t) = Max π(p,θ∗(p, t)
∣∣∣t) . The optimal solution is p∗(t), θ∗(p∗(t), t). Similarly, substituting

p∗(t),θ∗(p∗(t), t) to the SW, we can get the optimal t∗ from Max SW(t), thus p∗ = p∗(t∗),θ∗ = θ∗(p∗(t∗), t∗).
So π∗, the amount of tax/subsidy, SW∗ is obtained accordingly. The results are shown in Figure 4.

As can be seen from Figure 4, with the increase of λ, the cost of improving the greening of products
also increases, meaning enterprises will lower the greening level of their products to reduce costs.
At the same time, the effect of product prices on profit is more obvious; businesses set prices as high
as possible within the scope of government regulations. These two factors lead to reduced demand
(see Figure 4a). When greening costs rise, the government will increase t. When the greening level
of the enterprise meets government standards, subsidies will be increased to encourage continuous
improvement to the level of greening of products. When the greening level of products does not comply
with standards, government policy is to impose taxes. The government will raise taxes, t, to increase
the cost of lowering greening levels to the enterprise, thus preventing it from lowering the greening
level of its products (see Figure 4b).
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When greening cost increases, the enterprise will reduce the greening level of its products. When
it drops by a certain amount, it becomes lower than the standard set by the government, meaning
subsidy is replaced with tax. When government policy is to subsidize and greening cost increases, the
enterprise will reduce greening and set higher prices for higher profit, resulting in lower demand and
production. Government subsidies are reduced and profit decreases. Simultaneously, the greening
level of the product is reduced, resulting in a lower consumer surplus and environmental externalities,
leading to lower social welfare (see Figure 4c). When government policy is to tax and greening cost
increases, similar to subsidy policy, the manufacturer will lower the greening level of its products so it
will cost less and lead to high profits. In this case, the consumer surplus and environmental externality
decreases while the manufacturer’s profits and the tax revenues increase, leading to an increase in
overall social welfare.

5. Conclusions

In this paper, we have investigated the government policy from a supply chain perspective.
Specifically, we consider a Stackelberg game with the government policy maker being the leader,
and the downstream manufacturer being the follower. Given the government policy (tax or subsidy)
and its corresponding scale, the manufacturer decides the greenness of the product (or equivalently
the greening level of technology), taking into account consumer’s consciousness regarding the
greenness of the product (we assume that consumers prefer environmentally friendly products in
general). In anticipation of the manufacturer’s possible responses to different policies, the government
policy-makers decide which policy should be taken. We find that the tax policy is preferred by the
government if consumers are very sensitive to the greenness, or the cost of greening is high, or the
negative impact due to carbon emission is large; otherwise the government should subsidize the firm.
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These insights can be carried over to the situation when the selling price is endogenously determined
by the manufacturers, illustrated by our numerical study.

Based on our study, we found that the government should carefully design and implement the
carbon emission reduction policy. In general, there is no one-size-fit-all panacea. The policy (tax, subsidy
or mix) depends on the advancement of technology, the magnitude of the negative consequences taken
by carbon emission and consumers’ attitude to environment protection. To encourage the adoption of
green technology, possible mechanisms should also include: Green Public Procurement (GPP), joint
R&D activities and support for inter-firm cooperation in design and development of green products.
In addition, our study shows that the consumers’ consciousness on the environment friendliness of
products could play an important role in the government policy selection. As a result, the government
tool kit for carbon emission reduction should include how to cultivate the people’s consciousness on
green products and environment production.

Several future directions are worth exploring. The demand function we consider is deterministic,
which applies in a long-term horizon. However, as products are upgraded in a fast speed nowadays,
it is worth considering the demand uncertainty on the decisions involved in the supply chain. The cost
function in our model setting is of linear format. It is quite challenging to consider other, more general
formats (e.g., convex), and to investigate the optimal government policy in depth. We primarily
considered the effect of policy on the manufacturer’s side. Therefore, possible extensions also include
investigating the optimal policy on consumers’ side.
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Appendix A

Proof of Proposition 1. The second order conditions with respect to (w.r.t) θ is given by
d2π(t|s)(θ)

dθ2 =

2b(t− λ) < 0, which implies the firm’s profit function is concave in θ. Thus, according to the first order
condition, we get,

θ(t|s) =
b(p− c) − (λ− t)(a− γp)

2b(λ− t)

{
< 0,λ > ∆1

≥ 0, t < λ ≤ ∆1

where ∆1 = t + b(p−c)
(a−γp) . �

Proof of Lemma 1. The derivatives of θ(t|s) w.r.t λ and b are
∂θ(t|s)
∂λ = −

p−c
2(λ−t)2 < 0 and

∂θ(t|s)
∂b =

a−γp
2b2 > 0,

respectively. Similarly, the derivatives of d(t|s) w.r.t λ and b are
∂d(t|s)
∂λ = −

p−c
2(λ−t)2 < 0,

∂d(t|s)
∂b =

p−c
2(λ−t) > 0.

Further, taking the partial derivatives of π(t|s) w.r.t λ and b, we

have
∂π(t|s)
∂λ =

[(a−γp)(λ−t)+b(p−c)][(a−γp)(λ−t)−b(p−c)]
4b(λ−t)2

{
> 0,λ > ∆1

< 0, t < λ ≤ ∆1
,

∂π(t|s)
∂b =

[(a−γp)(λ−t)+b(p−c)][b(p−c)−(a−γp)(λ−t)]
4b(λ−t)2

{
< 0,λ > ∆1

> 0, t < λ ≤ ∆1
. �

Proof of Proposition 3.
CS(t|s) =

∫ d(t|s)
0 p

(
x,θ(t|s)

)
dx− pd(t|s)

=
[b(p−c)+(λ−t)(a−γp)]2

8γ(λ−t)2

,
CSB =

∫ dB
0 p(x,θB)dx− pdB

=
[b(p−c)+λ(a−γp)]2

8γλ2

.

Comparatively, we can see CS(t|s) > CSB. �
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Proof of Lemma 2. The derivative of CS(t|s) w.r.t λ gives
∂CS(t|s)
∂λ = −

[b(p−c)+(λ−t)(a−γp)]b(p−c)
4γ(λ−t)3 < 0.

Similarly, the derivative of CS(t|s) w.r.t b gives
∂CS(t|s)
∂b =

[b(p−c)+(λ−t)(a−γp)](p−c)
4γ(λ−t)3 > 0. �

Proof of Proposition 4. Let dSW
dt =

{−[4γ(p−c)+2(a−γp)]t+(4γE+2b)(p−c)+2λ(a−γp)}b2(p−c)

8bγ(λ−t)3 = 0. Thus, we have

t∗ = (2γE+b)(p−c)+λ(a−γp)
2γ(p−c)+(a−γp) . When 2b(2γλ− 2γE− b) < 0, that is λ < E + b

2γ , we have dSW
dt > 0, which

implies SW is increasing in t. As a result, the government should implement the subsidy policy and
put all the subsidy budgets into the firm to achieve the overall maximization of social welfare. �

In contrast, if λ > E + b
2γ , SW increases first and then decreases with respect to t. Therefore, there

exists t = t∗ so that SW reaches its maximum value SW(t∗) = γ[(λ−E)(a−γp)+b(p−c)]2

2b[2γ(λ−E)−b] . If θ(t|s) > 0 we have

E + b
2γ < λ < E + b

γ +
b(p−c)
a−γp , which means the government should adopt subsidy policy; In contrast,

if θ(t|s) < 0, we have λ > E + b
γ +

b(p−c)
a−γp , which implies the government should adopt tax policy.

To sum up, the government should adopt subsidy policy when λ < E + b
γ +

b(p−c)
a−γp and tax policy

when λ > E + b
γ +

b(p−c)
a−γp .

Proof of Proposition 5. Taking the second order derivatives of the profit function, we have ∂2π(p,θ)
∂θ2 =

−2bλ, ∂
2π(p,θ)
∂θ∂p =

∂2π(p,θ)
∂p∂θ = b + γλ, ∂

2π(p,θ)
∂p2 = −2γ.

As a result, the determinant of Hessian matrix is

∣∣∣∣∣∣ −2bλ b + γλ
b + γλ −2γ

∣∣∣∣∣∣ = −(b− γλ)2 < 0, and hence

the optimal value condition is not satisfied. �
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