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A B S T R A C T

This study investigates a green-product pricing problem by taking into account consumer en-
vironmental awareness (CEA) and non-green (regular) product reference. The pricing strategies
under three scenarios are investigated: single-product pricing; dual-product competition; and
asymmetric-information case. The analytical results show that differential pricing strategies
should be adopted, facing consumers with differential purchase behaviors (i.e., differential levels
of CEA and reference recognition). The green product’s pricing strategy is significantly affected
by asymmetric information. In contrast to the case of symmetric information, the firm should
adopt distinguished pricing strategies in consideration of its green production cost.

1. Introduction

Green products have gained increasing attention in recent years, because of their environmental friendliness in the green man-
ufacturing process, low emissions in use, recyclability, and so on. Owing to their potential environmental benefits, an increasing
number of firms are focusing on green products. For example, PepsiCo1 and Coca-Cola2 developed recyclable PET plastic soft drink
bottles instead of corrugated materials in order to reduce the environmental impact of their products. These two soft-drink giants
compete against each other not only on product development, but also on pricing their “green products”.3 They face practical issues:
how to price their green products? What factors should be taken account into green product pricing? Pricing green products properly
is important for firms, thanks to these products are commonly innovative in markets.

Consumer environmental awareness (CEA) is a critical market-driven factor that facilitates green product development and
consumption, which should be considered in green product pricing. Empirical studies have shown that consumers are willing to pay a
premium for green products, owing to the additional utility they gain from purchasing such products (Schlegelmilch et al., 1996;
Hopkins and Roche, 2009). In 2014, a Eurobarometer survey on the environment in the 28 member states of the European Union
found that 75% of Europeans are willing to pay more for environmentally friendly products, up from 72% in 2011.4 In contrast, the
Accenture Global Auto Consumer Survey of March 2010 showed that 56% of U.S. and Canadian consumers would not pay more for a
hybrid or electric car, as compared to a fuel-only vehicle (Drozdenko et al., 2011). Facing the differential consumer behaviors on
purchasing green products, deciding on a pricing strategy for green products is an important real-world issue for firms. Therefore, this
study investigates the effects of CEA on green-product pricing decisions.
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In addition to CEA, reference is another important factor that affects consumer purchase behaviors when choosing/purchasing
green products (Joshi and Rahman, 2015). An example is Method, a cleaning product manufacturer, who puts ‘powerful’ before
‘plant-friendly’ in their advertisements when promoting its green product.5 Its aim is to meet consumer’s comparison of functional
attribute with other non-green products, when telling consumers that their products are environmentally friendly. In this study, the
non-green product is taken as the reference for consumers when choosing a green product. To the best of our knowledge, few studies
consider the reference effects when investigating the pricing problem of green products. This study also differs from the existing
literature in that previous studies usually regard price as the reference point. In contrast, we consider the consumer’s utility as the
reference point. Compared to the price reference, the utility reference provides a better way to depict consumers’ purchasing be-
havior, i.e., comparing products’ cost performance when choosing products.

This study is to fill the above research gaps in the literature related to green-product pricing. More specifically, we investigate
pricing strategies for a green product that consider consumer environmental awareness and reference behavior. Here, two products, a
green product and regular (non-green) product, compete for market share. A valuation-based demand function is formulated for the
two products. Then, the problem is investigated in three different scenarios. First, we study a single-product pricing problem, where
the price of the regular product is exogenous. This scenario can occur when the price of a regular product is determined by a fully
competitive market, and a manufacturer does not have the power to break the price equilibrium. Next, we examine a dual-production
competition problem, where a manufacturer produces the regular product, and the other produces the green product. The manu-
facturers set a price for their respective products, and compete for market share in order to maximize their own profit. Here, a Nash
equilibrium is presented, and the optimal pricing strategies of the green and regular products are proposed. The results show that the
optimal price of the green product is not always higher than that of the regular product. The green manufacturer should adopt a
pricing strategy based on the quality of the green product and on consumers’ levels of reference recognition and environmental
awareness. Finally, we consider a case in which asymmetric information exists in the market, where the manufacturer producing the
regular product does not know the pricing and cost information of the manufacturer producing the green product. Several interesting
analytical results are obtained. Green products are commonly innovative products in markets, and their pricing strategies are affected
significantly by asymmetric information. Compared with the strategies under symmetric information, the pricing strategies of both
green and regular products are distinguished. The threshold policies are addressed to point out these differences and to support firms’
decisions in different information cases.

The remainder of this paper is organized as follows. Section 2 presents a review of the literature. Section 3 formulates the demand
function and presents the analysis for a single-product pricing problem. Section 4 investigates the pricing problem for a dual-product
competition scenario. Then, Section 5 examines the effects of asymmetric information, and presents the optimal pricing strategies.
The final section concludes the paper.

2. Literature review

Two streams of research are closely related to our work: green product pricing and reference-dependent demand. In the following
sections, we review studies relevant to each stream, and highlight the research gap between this study and the existing literature.

2.1. Competition pricing and green-product pricing

Pricing is one of the most common and significant issues drawing attention from industry and the academic community. Pricing
strategies are widely investigated in revenue management (Bitran and Caldentey, 2003; Maglaras and Costis, 2006; Chiang et al.,
2007; Bacon et al., 2016), supply chain management (Bernstein and Federgruen, 2004; Leng and Parlar, 2005; Maddah and Bish,
2007; Tang and Yin, 2007; Kuo et al., 2013; Niu et al., 2015; Xu et al., 2017), and so on. Specific pricing scenarios are considered in
the existing literature, including dynamic and static scenarios, single- and multiple-product scenarios, competitive scenarios, and so
on (Soon, 2011). This section reviews research related to a competitive market scenario with multiple products, and consumer demand with
environmental awareness.

Investigating the pricing strategies in competitive scenarios, game theories such as Bertrand and Nash games are widely adopted to
study the competitive market share and interactive decisions among multiple firms. Sudhir (2001) uses a theory-driven empirical
approach to research the competitive pricing behavior in the U.S. auto market. They measure the competitive behavior by the degree
of deviation from Bertrand prices. Using a Hotelling model, Pan et al. (2002) establish a price competition game model between a
pure e-commerce retailer and a combination of an e-commerce and a traditional retailer. With regard to competition in the supply
chain channel, Yao and Liu (2005) use Bertrand and Stackelberg competition models to study the price competition between retail
and online channels. Alptekinogˇlu and Corbett (2008) study variety and price competition between a mass customization firm and a
mass production firm. Chen et al. (2013) use Nash and Stackelberg games to formulate the price competition in a supply chain with
one manufacturer and a retailer. Some researchers also consider production decisions in pricing a two-echelon supply chain. Wang
et al. (2015) study a jointly pricing and lot-sizing decision in a two-echelon supply chain; while Heydari and Norouzinasab (2015)
address a two-level discount policy to coordinate pricing and ordering decisions in the supply chain, where a stochastic consumer
demand is involved. To investigate the impacts of competition on the performance of the supply chain, Luo et al. (2017) study the
horizontal competition between two manufacturers, and vertical competition between the manufacturers and the retailer in different

5 https://methodhome.com/.
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supply chain structures. The results show that competition leads to higher profits for the entire supply chain. However horizontal
competition hurts the manufacturers and benefits the retailer. Our study differs from the above literature in that we consider two
products with similar functional attributes, but with heterogeneous environmental attributes in the pricing problem. In addition, we
consider the substitutability between dual products, and use a valuation-based demand function to analyze the market share.

In pricing strategies for green products, consumers’ environmental concerns are commonly considered in analyses of product
choice and demand. Shamdasani et al. (1993) find that environmental awareness affects consumers’ purchasing decisions and be-
havior. For consumers’ environmental purchasing behaviors, Schuhwerk and Lefkoff-Hagius (1995) examine the impact of adver-
tising on consumer choice. Their results, based on laboratory experiments, show that consumers with higher environmental
awareness do not care whether an advertisement exhibits more green elements, and always choose environmentally friendly pro-
ducts. Ginsberg and Bloom (2004) point out that in dealing with green market-related issues, researchers and managers cannot ignore
that consumers do not want to obtain green benefits at the expense of the original convenience, quality, and other commodity
attributes. Chitra (2007) shows that the higher the level of consumer environmental awareness, the more consumers are willing to
pay for eco-friendly products. Other studies investigate how green awareness influences supply chain players’ operational decisions.
Conrad (2005) uses a spatial duopoly model to study the effects of environmental concern on competing firms’ decisions. Liu et al.
(2012) focus on the impact of consumers’ green awareness on supply chain players under competition. Their results show that an
increase in consumer environmental awareness benefits retailers and manufacturers that have superior eco-friendly operations.
Considering the effects of consumer environmental awareness on consumer demand, Zhang et al. (2015) investigate the green
product pricing problem in a two-echelon supply chain, where a manufacturer makes the environmental and traditional products. In
addition to the pricing strategies studied by Zhang et al. (2015) and Basiri and Heydari (2017) investigate the green sales effort and
green quality decisions of the retailer and manufacturer, respectively. This study also considers the effects of consumer environmental
awareness in green product pricing. However, we are different from the previous literature in that consumers’ reference behaviors are
taken account into demand analysis.

2.2. Reference-dependent demand

Social comparisons are common in the real world. Festinger (1954) notes that people use social comparisons to estimate their self-
worth. Specifically, a social comparison needs a reference form, and uses a reference point as the standard for comparison. Thus, we
review the existing literature from two perspectives: reference forms, and reference points.

The reference forms considered in the literature can be classified into two types: attribute- and price-dependent references. Several
studies point out that the reference effects of product attributes on consumers’ purchases is significant (Kim and Kim, 2015).
Bronnenberg and Wathieu (1996) study a brand promotion problem, with quality- and price-reference-dependent consumers. Taking
into account product quality, Gavious and Lowengart (2012) examine the relationships between price and reference quality, and their
combined effects on profits. For supply chain management issues, Liu et al. (2016) examine the impact of a quality reference on the
shared benefits of the manufacturer and the supplier. The latter concept is based on the adaptation-level theory (Helson, 1964),
which states that the incentive of current prices for customers also depends on past prices, which act as a reference point in con-
sumers’ minds. Many empirical studies have investigated price as a reference point (Kalwani et al., 1990; Dickson and Sawyer, 1990;
Kalyanaram and Little, 1994). Han et al. (2001) incorporate probabilistic thresholds for gains and losses in their reference price
models, where the thresholds are based on brand. Moon et al. (2006) classify consumers into three types: no reference price, memory-
based reference price, and stimulus-based reference price. They find that memory-based consumers are more sensitive to price, and
that retailers should set prices based on the type of consumer, and manipulate the price pattern that consumers see. Kopalle et al.
(2012) study the role of household-level heterogeneity in the reference-price effects on a retailer’s pricing policy. Their results show
that the optimal pricing policy of a retailer using their model is more profitable than those of models that ignore the effect of
household-level heterogeneity on the reference price. Wang (2016) considers a multi-period pricing problem for a monopolist, where
consumers’ purchases are affected by their reference prices, which are based on their past shopping experiences.

Several kinds of reference points are investigated in the literature, and can be classified into two types: internal reference points
(IRP) and external reference points (ERP). The former use past information as the reference point of a product, while the latter use
current information as a reference point (Neumann and Böckenholt, 2014). With regard to IRP issues, Kalwani et al. (1990) develop a
price-expectations model of customer brand choice. However, Dickson and Sawyer (1990) point out that most consumers cannot
remember prices clearly. Popescu and Wu (2007) study a two-level supply chain dynamic pricing problem, in which only the retailer
considers consumers’ price-reference behavior. Based on Popescu and Wu (2007) and Zhang et al. (2014) study the effects on demand
of both manufacturers and retailers considering consumers’ price-reference behavior. In contrast to the above-mentioned studies,
which focus on a single-product reference. Different from Zhang et al. (2014), our study considers the reference effects between two
products, and investigates the pricing strategies of multiple products. For ERP issues, Tversky and Kahneman (1991) propose that
each alternative should have a common reference point. Mazumdar and Papatla (1995) calculate the products of brand loyalty and
the current prices of a brand, which they sum to determine the reference price. Klapper et al. (2005) use utility as the reference point
in order to analyze consumer choice. Van Oest (2013) points out that for consumers that exhibit the second type of reference
behavior, an increase in price has a more significant impact on demand. Our study is mostly closely related to that of Klapper et al.
(2005). However, they consider price only as a reference point, we consider the overall utility of a product as a reference point, which
includes the quality and the price of the regular product. The utility reference depicts the different cost performance among products,
which is a common criterion for consumer choosing products.

Z. Hong et al. Transportation Research Part E 115 (2018) 1–15

3



2.3. Summary of the literature review

In the literature on product pricing, the competition among products and firms is widely considered, and environmental
awareness is an emerging topic in research on green-product pricing. However, the practical questions of whether environment-
conscious consumers will pay a premium for green products, and how to determine the price of a green product need to be answered from the
perspective of operations management using. In addition, reference effects are largely ignored in studies on the pricing problem of
green products, despite being an important factor affecting consumers’ choices of green products. In addition, prior studies rarely
consider utility as a reference point, especially the utility of the product as a whole.

This study focuses on these real-world issues and tries to fill the gaps in the existing literature. Consumer environmental
awareness and product references are considered in formulating the demand functions of green and regular products. More speci-
fically, the product reference uses the utility of the regular product as the reference point. Using the proposed demand functions, we
investigate three scenarios of green-product pricing strategies: single-product pricing, dual-production competition, and asymmetric
information.

3. Mathematical formulation and analysis

3.1. Notation and assumption

For easy tracking, we first list the notations and assumptions used in our model below. Note that the detailed explanations on
these assumptions are addressed in the context.

Parameters
V utility a consumer derives from regular product’s functional quality
α coefficient representing the green product’s functional quality compared to the regular one
k sensitivity of consumers to the green product’s greenness
e greenness degree of green product
β coefficient indicating consumers’ recognition level of the reference
u u,r g utilities a consumer derives from regular and green products, respectively
q q,r g demands of regular and green products, respectively

γ development cost coefficient of green product
c c,r g marginal costs of making regular and green products, respectively

Decision variables
p p,r g prices of regular and green products, respectively. pr is exogenous in the single-product pricing case

Assumption 1. Consumers are environmentally conscious and derive environmental utility (i.e., ke) from purchasing the green
product.

Assumption 2. Consumers are heterogeneous in evaluating the functional attributes of the products, where the utility V is normally
distributed in [0,1].

Assumption 3. Consumers have reference behaviors when choosing a green product, and the effect of the reference is less than that
of the product’s functional quality (i.e., <β α).

Assumption 4. The marginal production cost of the green product (i.e., cg) is exogenous and not a function of the product’s functional
quality (i.e., α).

3.2. Problem formulation

We consider a market containing two manufacturers, one of which sells a regular (non-green) product to consumers (hereafter,
the regular manufacturer), and one that sells a green product to consumers (hereafter, the green manufacturer). These two products are
similar in terms of their functional attributes, but are heterogeneous in terms of their environmental attributes. The production
emissions of the green product are less than those of the regular product, and the green product is the more environmentally friendly
of the two. The environmental attribute of the green product is measured by the greenness degree, denoted as e.

Consumers are environmentally conscious and derive environmental utility from purchasing the green product. The environ-
mental utility is assumed to be a linear function, ke (Chen, 2001; Yalabik and Fairchild, 2011), where k is the sensitivity of consumers
to the greenness of the green product. Furthermore, consumers are assumed to be heterogeneous in terms of their evaluations of the
functional attributes of products. That is, in the real world, consumers have distinct evaluations of the functional attributes of
products.

We denote V as the utility a consumer derives from the regular product’s functional quality. The utility a consumer derives from
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the green product’s functional quality is αV , where α is a coefficient indicating the difference in functional quality between the two
products. Greater utility can be derived from the regular product if < <α0 1, while greater utility can be derived from the green
product if >α 1. Notice that we here do not consider the case =α 1, i.e., the two products are the same in functional attribute. Then,
pr and pg denote the prices of the regular and green products, respectively.

Consumers know the two products and compare them before purchasing. The reference point used by consumers when choosing a
green product is the utility they gain from purchasing a regular product. Let = −u V pr r be the utility a consumer derives from the
regular product. Then, the reference effect is defined as − ′u ur g, where ′ = −u αV pg g is the utility a consumer derives from the green
product. Let β be a coefficient indicating a consumer’s recognition level of the reference, and be assumed to be < <β α0 to avoid
trivial cases. Accordingly, the utilities a consumer derives from the regular and green products are given by

⎧
⎨⎩

= −
= − + − − ′

u V p
u αV p ke β u u

,
( ).

r r

g g r g

As is widely adopted in the literature (Ferrer and Swaminathan, 2006; Yenipazarli, 2016), we assume V to be uniformly dis-
tributed on [0,1]. Furthermore, the market size is assumed to be one, and the decision variables pr and pg are constrained in (0,1).
Then, the market shares of the two products depend on consumers’ choices between the two products. Note that we omit the trivial
cases in which only one of the products exists in the market. The demand functions are given by Theorem 1, where the two products
share the same market. The conditions are ̂>k k < <α(0 1) and ̂⩽k k >α( 1), where ̂ = + −k β p αp e(1 )( )/g r (detailed in Appendix
A). This former condition indicates that the demand for the green product is positive only when consumer environmental awareness
is sufficiently high (i.e., ̂>k k ), assuming that the quality of the green product is worse than that of the regular product (i.e.,

< <α0 1). The latter condition indicates that the demand for the regular product is positive only when consumer environmental
awareness is sufficiently low (i.e., ̂⩽k k ), assuming that the quality of the green product is better than that of the regular product
(i.e., >α 1). The proof of the theorem is given in Appendix A.

Theorem 1. The demand functions of the regular and green products are:

⎧

⎨
⎪

⎩⎪

= −

= −
< <

+ − +

− + −
+ − +

− + −

+ − −

+ −

q

q
α

1 ,

;
(0 1)

r
β p p ke

α αβ β

g
β p p ke

α αβ β

β p βp ke

α αβ β

(1 )( )

1 ( )
(1 )( )

1 ( )

(1 )

r g

r g g r

and

⎧

⎨
⎪

⎩⎪

= −

= −
>

+ − +

− + −
+ − +

− + −

q p

q
α

,

1 .
( 1)

r
β p p ke

α αβ β r

g
β p p ke

α αβ β

(1 )( )

1 ( )
(1 )( )

1 ( )

r g

r g

The structure of the demand function, given the consumer environmental awareness and non-green product reference, is com-
plicated. This makes the pricing strategies of the green product difficult to analyze. In this section, we first investigate the pricing
problem for a single-product case, where the green manufacturer is a monopolist and determines the price of the green product, while
the price of the regular product is exogenous. This scenario can occur when the price of a regular product is determined by the market
and the regular manufacturer does not have sufficient power to break the price equilibrium of the regular product.

In such a case, the green manufacturer optimally determines the price of its green product in order to maximize profit. The cost
rate of technology development is denoted as γ , and the investment in green technology is denoted as γe2, which implies a convex
increasing cost in terms of greenness (Yalabik and Fairchild, 2011). Denoting cg as the unit production cost that is dependent with α,
we further assume cg is exogenous and is not a function of α. Accordingly, we have the following profit function:

= − −π p p c q γe( ) ( )g g g g
2.

The profit-maximizing manufacturer’s decision problem is to maximize π p( )g . Because π p( )g is concave in pg, there exists a unique
optimal solution, ∗pg . By solving ∂ ∂ =π p p( )/ 0g g , we obtain the optimal price ∗pg and its related demand ∗qg , as shown in Theorem 2.

Theorem 2. The optimal price of the green product is

⎧

⎨
⎪

⎩⎪

= < <

= >

∗ + + + +
+

∗ + + − + +
+

p α

p α

, (0 1);

, ( 1).

g
ke β c α β p

β

g
ke β α c p

β

(1 ) (1 )
2(1 )

(1 )( 1 )
2(1 )

g r

g r

and the production quantity related to the optimal price is

⎧

⎨
⎪

⎩⎪

= < <

= >

∗ − + + +
− + + −

∗ + + − − +
+ −

q α

q α

, (0 1);

, ( 1).

g
ke β c α β p

α β α αβ β

g
ke β α c p

β α

(1 ) (1 )
2(1 )(1 )( )

(1 )( 1 )
2(1 )( 1)

g r

g r
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From the optimal decisions of the green manufacturer, we have the following propositions on the effects of specific system
parameters on the manufacturer’s decisions.

Proposition 1. The optimal pricing strategies have the following properties:

(i) ∂ ∂ >∗p k/ 0g and ∂ ∂ <∗p β/ 0g . A greater degree of green awareness of consumers induces the green manufacturer to increase the
price of the green product, while a higher recognition level of the reference induces the manufacturer to reduce the price.

(ii) ∂ ∂ >∗p α/ 0g . The green manufacturer can increase the price of the green product if the product has greater functional quality.

Consumers with high green awareness have a strong preference for the environmental attributes of the product, and are willing to
pay a premium for environmentally friendly products. When faced with these consumers, the green manufacturer can benefit by
increasing the price of the green product. However, a higher recognition level of the reference erodes consumers’ utility when
increasing the price of the green product. In this situation, the manufacturer should reduce the price of the green product. Similarly to
the environmental attribute (i.e., the greenness) of the green product, an increase in the functional quality of the product also
increases consumers’ utility. Therefore, the manufacturer could be beneficial from increasing the price of the green product.

The pricing strategies above apply to the case where the price of the regular product is stable (i.e., an exogenous variable in the
model). However, what are the situations in the case of competitive pricing? Do the pricing strategies change and, if so, how do they
change? In the coming section, we try to answer these questions by investigating the pricing strategies of a dual-product competitive
pricing scenario.

4. Dual-product competitive pricing

In this section, we study the pricing problem for a dual-product competitive pricing scenario, where the regular and green
manufacturers compete for market share and determine their pricing strategies simultaneously. In this scenario, the two manu-
facturers are monopolistic in terms of selling each of the products in the same market. Define the unit cost of the regular product as cr ,
and the price of the regular product as pr . Then, we have the following profit functions for the two manufacturers: = −π p p c q( ) ( )r r r r r
and = − −π p p c q γe( ) ( )g g g g g

2.
The two profit-maximizing manufacturers’ decision problems are to maximize π p( )r r and π p( )g g , respectively. The objective

functions π p( )g g and π p( )r r are concave in pg and pr , respectively. By solving ∂ ∂ =π p p( )/ 0g g g and ∂ ∂ =π p p( )/ 0r r r under a Nash game
framework, we obtain the optimal prices corresponding to the Nash equilibrium, which are presented in Theorem 3.

Theorem 3. The optimal prices of the regular and green products are, respectively,

⎧
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Then, the manufacturers’ respective production quantities related to optimal prices are
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From the optimal decisions of the green manufacturer, we derive the following propositions to investigate the effects of specific
system parameters on the manufacturers’ decisions.

Proposition 2. The optimal pricing strategies have the following properties:

(i) ∂ ∂ >∗∗p k/ 0g and ∂ ∂ <∗∗p k/ 0r . As the green awareness of consumers increases, the green manufacturer increases its price of the
green product, and the regular manufacturer decreases its price of the regular product.

(ii) ∂ ∂ <∗∗p β/ 0g and ∂ ∂ >∗∗p β/ 0r . With the increase of the recognition level of the reference, the green manufacturer decreases its
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price of the green product, while the regular manufacturer increases its price of the regular product.

Proposition 2 shows similar results to those of Proposition 1. In what follows, we investigate the properties of the optimal pricing
strategies using other parameters and cases. The following proposition presents the property of the optimal pricing strategies on α,
and the interactive impact of k. Note that the equations of the thresholds of α and k, as discussed in the following proposition, contain β,
which means that the non-green product reference has a significant impact on the pricing strategies of the green and regular products. However,
for technical convenience, we focus on α and k. Please refer to Appendix B for the proof of the proposition.

Proposition 3. There exist some thresholds ̂ ̂k α,0 1, and ̂k1 (detailed in the appendix), such that the optimal pricing strategies have the following
properties:

(1) when < <α0 1:
(i) ∗∗pr is decreasing in α;
(ii) the monotonicity of ∗∗pg in α depends on ̂k0:

• if ̂<k k0, then ∗∗pg is increasing in α;

• if ̂⩾k k0, then,
– when ̂< ∗∗α α p, g1 is increasing in α;
– when ̂⩾ ∗∗α α p, g1 is decreasing in α.

(2) when >α 1:
(i) ∗∗pg is increasing in α;

(ii) the monotonicity of ∗∗pr in α depends on ̂k1:

• if ̂<k k1, then ∗∗pr is decreasing in α;

• if ̂⩾k k1, then ∗∗pr is increasing in α.

Proposition 3 shows the pricing strategies with respect to the quality of the green product (i.e., α), which provides the corre-
sponding pricing strategies when α changes. In particular, when the quality of the green product is low (i.e., < <α0 1), the utility
from purchasing the green product increases in α, and more consumers will choose the green product. Accordingly, the regular
manufacturer should decrease its price of the regular product to maintain its market share and profit. In addition, the pricing
strategies of the green product are related to consumer environmental awareness (i.e., k): if this is low (i.e., ̂<k k0), the utility from
purchasing the green product increases significantly with an increase in α. Thus, the green manufacturer could benefit by increasing
the price of the green product. However, if the consumer environmental awareness is high (i.e., ̂⩾k k0), the pricing strategy of the
green product depends on its quality. If the quality is low (i.e., ̂<α α1), an increase in quality will induce more consumers to choose
the green product, in which case, the green manufacturer can benefit by increasing its price. However, when the quality is high (i.e.,

̂⩾α α1), an increase in quality plays a weak role in attracting consumers. In this case, the green manufacturer lowers its price to
increase its market share and to earn a greater profit.

When the quality of the green product is high (i.e., >α 1), the green manufacturer can always benefit from increasing its price as
α increases. That is, a high-price strategy for the green product should be adopted when its quality improves. The regular manu-
facturer’s pricing strategy depends on consumer environmental awareness (i.e., k): if this is low (i.e., ̂<k k1), consumers pay more
attention to the quality of the green product. In this case, an increase in the quality of the green product attracts additional con-
sumers, and reduces the market share of the regular product. Therefore, the regular manufacturer has to reduce its price to ensure
sufficient demand and profit. If consumer environmental awareness is high (i.e., ̂⩾k k1), the increase in the market share of the green
product resulting from an increase in α is not significant. Following the pricing strategy of the green manufacturer (i.e., increasing the

Fig. 1. The pricing strategies with respect to α.
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price of the green product), the regular manufacturer can benefit by increasing its price. A numerical example is used to show these
managerial insights (see Fig. 1). The parameters used in the example are = = = =β e c k0.3, 0.8, 0.8, 0.1g in Fig. 1(a) or =k 0.6 in
Fig. 1(b), and =c 0.4r . Then, we have ̂ ̂= =α k0.91, 0.161 0 , and ̂ =k 0.51 .

The following two propositions compare the pricing and production strategies of the green and regular products. The effects of
consumers’ green awareness (i.e., k) and the quality of the green product (i.e., α) on the strategies are investigated. See Appendices C
and D for the respective proofs.

Proposition 4. There exist some thresholds ̂ ̂ ̂α α k, ,2 3 2, and ̂k3 (detailed in the appendix), such that the optimal pricing strategies of the two
products have the following relationships:

(i) when < <α0 1:

• if ̂<k k2, then <∗∗ ∗∗p pg r ;

• if ̂ ̂⩽ <k k k2 3, then,
– when ̂< <∗∗ ∗∗α α p p, g r2 ;
– when ̂⩾ ⩾∗∗ ∗∗α α p p, g r2 ;

• if ̂⩾k k3, then ⩾∗∗ ∗∗p pg r .
(ii) when >α 1:

• if ̂<k k2, then,
– when ̂< >∗∗ ∗∗α α p p, g r3 ;
– when ̂⩾ ⩽∗∗ ∗∗α α p p, g r3 ;

• if ̂⩾k k2, then ⩾∗∗ ∗∗p pg r .

Proposition 4 presents the pricing-strategy comparisons between the green and regular products, which gives answers to the
questions “how to pricing a green product when facing differential consumer purchasing behaviors on green products”. When the quality of
the green product is low (i.e., < <α0 1), the functional attributes of the regular product are better than those of the green product. If
consumer environmental awareness is very low (i.e., ̂<k k2), the green manufacturer should reduce the price of the green product to
below that of the regular product to ensure its market share (i.e., <∗∗ ∗∗p pg r ). In contrast, if consumer environmental awareness is very

high (i.e., ̂⩾k k3), then the green manufacturer can benefit by increasing the price of the green product above that of the regular
product (i.e., ⩾∗∗ ∗∗p pg r ). This is because consumers are willing to pay more for the environmental attributes of the green product, in
which case, its market share can be ensured, even though its price is higher than that of the regular product. However, if consumer
environmental awareness falls at a middle level (i.e., ̂ ̂⩽ <k k k2 3), the quality of the green product plays a critical role in the pricing
strategies of the two products. When the quality of the green product is low (i.e., ̂<α α2), the green manufacturer should reduce the
price of the green product below that of the regular product; otherwise (i.e., ̂⩾α α2), the green manufacturer can benefit by increasing
the price of the green product above that of the regular product.

When the quality of the green product is high (i.e., >α 1), the green product is better than the regular product in terms of its
functional attributes. Intuitively, if consumer environmental awareness is high (i.e., ̂⩾k k2), the green manufacturer can price the
green product above the regular product. However, if consumer environmental awareness is low (i.e., ̂<k k2), the quality of the green
product affects the pricing strategies of the two products. When the quality of the green product is low (i.e., ̂<α α3), the green
manufacturer should price the green product below that of the regular product; otherwise (i.e., ̂⩾α α3), the green manufacturer can
benefit by pricing the green product above that of the regular product.

Proposition 5. There exist two thresholds ̂k4 and ̂k5 (detailed in the appendix), such that the optimal production strategies of the green and
regular products have the following relationships:

(i) when < <α0 1:

• if ̂<k k4, then <∗∗ ∗∗q qg r ;

• if ̂⩾k k4, then ⩾∗∗ ∗∗q qg r ;
(ii) when >α 1:

• if ̂<k k5, then <∗∗ ∗∗q qg r ;

• if ̂⩾k k5, then ⩾∗∗ ∗∗q qg r .

Proposition 5 indicates that firms should adopt differential production strategies when facing consumers with differential CEA
level. It also shows that the market shares of the green and regular products are significantly affected by CEA. More specifically,
irrespective of the quality of the green product, as long as consumer environmental awareness is at a relatively high level (i.e., ̂⩾k k4

or ̂⩾k k5), more green products should be produced than regular products to satisfy consumers’ environmental demand. A numerical
example is used to show these managerial insights given in Propositions 4 and 5 (see Fig. 2). The parameters used in the example are

= = =e c β0.9, 0.3, 0.2g , and =c 0.5r in Fig. 2(a), yielding ̂ =k 0.132 and ̂ =k 0.933 . Then, the parameters in Fig. 2(b) are
= = =e c β0.6, 0.8, 0.3g , and =c 0.3r .
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5. Asymmetric information

In this section, we investigate a dual-product competitive pricing case within asymmetric information. The green product is an
innovative product, newly launched on the market. Here, some information of the green product is unknown to other firms, such as
the regular manufacturer considered in this study. This is because specific technologies are usually adopted to produce the green
product, and some information, such as cost information, is unknown to other firms.

In the previous section, we proposed a dual-product competition model, where both the green and regular manufacturers know all
operational information of the other manufacturer, including the cost information. In what follows, we consider an asymmetric-
information case, where the green manufacturer fully knows the regular manufacturer’s operational information, but the regular
manufacturer does not know the cost information of the green manufacturer. We assume that two optional cost strategies are
available to the green manufacturer, namely, a high- and low-cost strategy.

Denote cgh and cgl as the high- and low-costs of the green manufacturer, respectively. The profit functions of the green and regular
manufacturers are: = − −π p p c q γe( ) ( )g g g gi g

2 =i h l( , ) and = −π p p c q( ) ( )r r r r r . A Bayes model is adopted to analyze their pricing stra-
tegies. The equilibrium decisions are presented in Theorem 4 (see Appendix E for the proof).

Theorem 4. The Bayes equilibrium of the asymmetric-information scenario is given as follows:

(i) when < <α0 1:

⎧

⎨

⎪⎪

⎩
⎪
⎪

=

=

=

∗ − + − + + + − + +
− +

∗ − + − + + + + + − +
− +

∗ − + + + + −
− +

p

p

p

,

,

.

gh
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α β
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α β
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α β
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(ii) when >α 1:

⎧

⎨

⎪⎪

⎩
⎪
⎪

=

=

= +

∗ − + − − + + + − + + −
− +

∗ − + − − + + + + − + −
− +

∗ + + − − − +
− +

p

p

p c

,
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( 2 ).
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ke α α α β β α c c α c

α β

gl
ke α α α β β c α c α c

α β

r
β c c ke α β

α β r

2( (4 3) ( 1)(4 1)(1 )) (1 )((8 3) 2(2 1) )
8(2 1)(1 )

2( (4 3) ( 1)(4 1)(1 )) (1 )( (8 3) 2(2 1) )
8(2 1)(1 )

1
4

(1 )( ) 2( ( 1)(1 ))
(2 1)(1 )

gh gl r

gh gl r

gh gl

Based on the above equilibrium decisions and the results of the symmetric-information scenario, we compare the optimal pricing
and production strategies between the scenarios with and without asymmetric information. Note that we also compare the pricing
strategies of the green and regular products under the asymmetric-information scenario, and obtain similar results to those of the symmetric-
information scenario. Thus, we omit these analyses here. The main analysis results are presented in the following propositions. The
related proofs appear in Appendices F and G, respectively. Note that the proofs of Propositions 8 and 9 are similar to those of and
Propositions 6 and 7. Thus, we omit these proofs here.

Fig. 2. Pricing and production strategies for dual-product competition.
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Proposition 6. There exist two thresholds ̂cg 1 and ̂cg 2 (detailed in the appendix), such that the optimal pricing strategies of the symmetric-
and asymmetric-information scenarios have the following relationships:

(i) when < <α0 1:
• if ̂<c cg g 1, then >∗ ∗∗p pgh g ;

• if ̂⩾c cg g 1, then ⩽∗ ∗∗p pgh g .
(ii) when >α 1:
• if ̂<c cg g 2, then >∗ ∗∗p pgh g ;

• if ̂⩾c cg g 2, then ⩽∗ ∗∗p pgh g .

Proposition 6 indicates that the production cost of the green product is important to the green manufacturer when it decides on its
pricing strategies under the symmetric- and asymmetric-information scenarios. Irrespective of the quality of the green product, if the
production cost of the green product (i.e., cg) is low (i.e., ̂<c cg g 1 or ̂<c cg g 2), the green manufacturer should price its product in the
asymmetric-information scenario above that of the symmetric scenario.That is, the green manufacturer can benefit from a high-price
strategy under the asymmetric-information scenario if it has a low-cost advantage in the green product. In this case, the green
manufacturer can focus on “high-end” consumers who are environmentally conscious. In other words, the asymmetric information
provides the green manufacturer with more room in terms of pricing than in the case of symmetric information. However, when its
production cost is relatively high, the green manufacturer has to adopt a low-price strategy (i.e., ̂⩾c cg g 1 or ̂⩾c cg g 2) to increase its
market share (see Proposition 7), as well as to recover its development cost and ensure its profit. Green products are commonly
innovative products in markets, and it is important for firms to properly determine their pricing strategies in consideration of the
asymmetric information scenario.

Proposition 7. There exist two thresholds ̂cg 3 and ̂cg 4 (detailed in the appendix), such that the optimal production strategies of the symmetric-
and asymmetric-information scenarios have the following relationships:

(i) when < <α0 1:
• if ̂<c cg g 3, then <∗ ∗∗q qgh g ;

• if ̂⩾c cg g 3, then ⩾∗ ∗∗q qgh g .
(ii) when >α 1:
• if ̂<c cg g 4, then <∗ ∗∗q qgh g ;

• if ̂⩾c cg g 4, then ⩾∗ ∗∗q qgh g .

Proposition 7 indicates that the green manufacturer’s production strategy is also affected by the production cost of its product in
the asymmetric-information scenario. The results are interesting. Fewer green products should be produced if their production costs
are low (i.e., ̂<c cg g 3 or ̂<c cg g 4) in the asymmetric-information scenario than in the case of the symmetric scenario. Recalling the
pricing strategy analyzed in Proposition 6, a high-price, low-yield strategy is suggested for the green manufacturer if it has a low-cost
advantage in the green product. That is, the green manufacturer concentrates on a relative small market share, containing “high-end”
consumers. As discussed after Proposition 6, when the production cost of the manufacturer becomes high (i.e., ̂⩾c cg g 3 or ̂⩾c cg g 4), it
should reduce its price in order to compete with the regular product and to acquire a sufficient market share. A numerical example is
used to show these managerial insights (see Fig. 3). The parameters used in the example are = = = = =k e c β c0.6, 0.6, 0.4, 0.3, 0.7r gh ,
and =c 0.3gl .

Let ̂ = +c c c( )/2g gh gl5 and ̂ = − + + − + − − − + + − + − +c α β c α β c ke α β α β c α β((4 1)(1 ) (4 1)(1 ) 2( ( 1)(1 ) (2 1)(1 ) ))/(4(2 1)(1 ))g gh gl r6 .
Then, the following proposition compares the pricing strategies of the regular product between the symmetric- and asymmetric-
information scenarios.

Fig. 3. Pricing and production strategies for the green product in the asymmetric scenario.
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Proposition 8. There exist thresholds ̂cg 5 and ̂cg 6, such that the optimal pricing strategies have the following properties:

(i) when < <α0 1:
• if ̂<c cg g 5, then >∗ ∗∗p pr r ;

• if ̂⩾c cg g 5, then ⩽∗ ∗∗p pr r ;
(ii) when >α 1:
• if ̂<c cg g 6, then >∗ ∗∗p pr r ;

• if ̂⩾c cg g 6, then ⩽∗ ∗∗p pr r .

Let ̂ = − + + − + + − − + + − + +c α β c α β c ke α β α β c α β((4 1)(1 ) (4 1)(1 ) 2( ( 1)(1 ) (2 1)(1 ) ))/(8 (1 ))g gh gl r7 . Then, the following pro-
position compares the production strategies of the regular product between the symmetric- and asymmetric-information scenarios.

Proposition 9. There exist thresholds ̂cg 5 and ̂cg 7, such that the optimal production strategies have the following properties:

(i) when < <α0 1:
• if ̂<c cg g 5, then >∗ ∗∗q qr r ;

• if ̂⩾c cg g 5, then ⩽∗ ∗∗q qr r ;
(ii) when >α 1:
• if ̂<c cg g 7, then >∗ ∗∗q qr r ;

• if ̂⩾c cg g 7, then ⩽∗ ∗∗q qr r .

Propositions 8 and 9 compare the pricing and production strategies, respectively, of the regular manufacturer between the
symmetric- and asymmetric-information scenarios. The results are interesting, in that the regular manufacturer can benefit from the
asymmetric-information when the production cost of the green product is low (i.e., ̂ ̂< <c c c c;g g g g5 6, or ̂<c cg g 7). That is, both the
price and production quantity of the regular product are higher in the asymmetric-information scenario than they are in the case of
the symmetric-information scenario. Thus, the regular manufacturer is more profitable in the asymmetric-information scenario. This
is because the green manufacturer focuses on “high-end” consumers and, thus, adopts a high-price, low-yield strategy, while the
regular manufacturer obtains a considerable market share. Moreover, the regular manufacturer can partly increase its price to
maximize its profit. However, when the production cost of the green product is relatively high, the green manufacturer will adopt a
low-price strategy to obtain a sufficiently large market share in order to compete with the regular manufacturer, as discussed in
Propositions 7 and 6. In this case, the regular manufacturer reduces the price of the regular product, the market share of which is
eroded and smaller than that in the symmetric-information scenario. A numerical example is used to show these managerial insights
(see Fig. 4). The parameters used in the example are = = = = =k e c β c0.6, 0.6, 0.4, 0.3, 0.7r gh , and =c 0.3gl . Thus, we have ̂ =c 0.5g 5 .

6. Conclusion

This study examined the pricing strategies for a green product that competes with a regular product with similar functional
attributes. In particular, consumer environmental awareness and non-green product reference are considered in formulating the
demand of the green and regular products. The green product is newly launched on the market as an innovative product, and
competes with the regular product in terms of market share. We focused on the pricing strategies of the green and regular products in
two scenarios, namely dual-product competition and an asymmetric information. In the dual-product competition case, we examined
whether consumers will pay a premium for a green product, and how to price a green product. The results show that the green
manufacturer should set its price according to the quality of the green product and the levels of consumers’ reference recognition and
environmental awareness. More specifically, we provide a threshold policy to show how to pricing the green and regular product as

Fig. 4. Pricing and production strategies for the regular product in the asymmetric scenario.
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the green product’s quality changes (see Proposition 4). A differential pricing and production strategies are presented to help firms to
deal with the issue that consumer purchase behaviors are differential (see Propositions 4 and 5).

Symmetric information plays significant impacts on the pricing strategies of both the green and regular products. Compared with
the strategies under symmetric information, when the production cost of the green product is low, the green manufacturer adopts a
low-price, low-yield strategy under asymmetric information. In this case, the regular product can benefit by increasing its price and
production quantity. When the production cost of the green product becomes relatively high, the green manufacturer should reduce
its price in order to obtain a greater share of the market, which causes the regular manufacturer to adopt a low-price strategy to
ensure its market share.

There are several limitations of this study, providing opportunities to extend this research. First, we do not consider a supply chain
environment in our model. Thus, including supply chain partners, such as suppliers or retailers would be an interesting extension.
Second, the greenness degree is exogenous in this study. Future research should consider this as a decision variable, based on which,
the environmental contributions/impacts of the portfolio strategies on product design and pricing can be investigated. Third, the
marginal production cost of the green product (i.e., cg) is exogenous and is not a function of the product’s quality (i.e., α) in our
model. It will be interesting to use a function to depict the relationship between cg and α in the future research. Lastly, from a societal
or government perspective, investigating and designing environmental policies to improve environmental sustainability is a further
topic for future research.
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Appendix A. Proof of Theorem 1

Proof. Let = + −A α αβ β, then, when < < <α A0 1, 1; when > >α A1, 1. The demand of the two products are:
= > ⩾q P u u u{ , 0}r r g r and = ⩾ ⩾q P u u u{ , 0}g g r g . Next, we give the specific formula of qr and qg.
(I) When < < = − > − + − − ′ − ⩾α q P V p αV p ke β u u V p0 1, { ( ), 0}r r g r g r ; and = ⩾ ⩾ =q P u u u P{ , 0}g g r g

− + − − ′ ⩾ − − + − − ′ ⩾αV p ke β u u V p αV p ke β u u{ ( ) , ( ) 0}g r g r g r g .
To avoid the trivial case that only one product (i.e., either the green or regular product) exists in the market, we have the

following condition:

= + − + − + − + − − + −

= + − + − + + − >

V β p p ke α β β p βp ke α β α

β αp p ke α β α β α

Δ ((1 )( ) )/(1 )(1 ) ((1 ) )/( ( 1))

((1 )( ) )/(1 )(1 )( ( 1)) 0

r g g r

r g

1 , and

= + − + − + − = + − + − + >V β p p ke α β p β αp p ke α βΔ ((1 )( ) )/(1 )(1 ) ((1 )( ) )/(1 )(1 ) 0r g r r g2 .

From the inequalities above, we have > + −k β p αp e(1 )( )/g r . Let ̂ = + −k β p αp e(1 )( )/g r .
When V is uniformly distributed on [0,1], the demand function is

⎧

⎨
⎪

⎩⎪

= −
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+ − +

− + −
+ − +

− + −
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1 ( )
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1 ( )

(1 )

r g
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(II) When >α 1, the demand function can be obtained in the same way, we omit it here.
From the proof above, we know when < <α0 1, the condition > + −k β p αp e(1 )( )/g r is necessary to ensure that the market share

of the green product is positive. That is, when the quality of the green product is at a lower level than that of the regular product,
consumers will choose the green product only if the customer’s environmental awareness is higher than a certain level. Similarly,
when >α 1, the condition < + −k β p αp e(1 )( )/g r is necessary to ensure a positive market share of the regular product. □

Appendix B. Proof of Proposition 3

Proof. The optimal pricing strategies depend on ∗∗pg ’s monotonicity in α and ∗∗pr ’s monotonicity in α.
(I) The monotonicity of ∗∗pg :

(i) when < <α0 1, the first derivatives of ∗∗pg in α is = + − − + + − + − =
∂

∂

∗∗

β α α c c ke β α η σ((1 )(4 (8 ) 2 4 ) 2 )/(1 )(4 ) /
p

α g r
2

1 1
g , where

>σ 01 . It’s not difficult to prove that η1 is decreasing with α and >=η | 0α1 0 . Let ==η | 0α1 1 , we have a threshold
̂ = + + −k β c c e(1 )(4 2 3)/2r g0 .

If ̂< >=k k η, | 0α0 1 1 , which means >
∂

∂

∗∗

0
p

α
g . So ∗∗pg is increasing in α.
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If ̂⩾ ⩽=k k η, | 0α0 1 1 . Notice that there exists a threshold ̂ = + − + − + − + + + +α β β β ke β β c c(8 8 (8 8 ) 4(1 )(4 2 4 2(1 )( 2 )) )/g r1
2

+ β2(1 ) making =η 01 . We have >η 01 , when ̂∈ ⩽α α η(0, ); 01 1 , when ̂∈α α[ ,1)1 .

(ii) When >α 1, the first derivatives of ∗∗pg in α is = + + − + − − + − =
∂

∂

∗∗

ke β α α c c β α η σ(2 (1 )(2(1 2 4 ) 2 ))/(1 )(1 4 ) /
p

α g r
2 2

2 2
g . >σ 02 .

We can find that η2 is increasing in α and >=η | 0α2 1 , which implies >
∂

∂
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α
g .

(II) The monotonicity of ∗∗pr :

(i) when < <α0 1, the first derivatives of ∗∗pr in α is = + + − − + − =∂
∂

∗∗
β c c ke β α η σ((1 )( 2 6) )/(1 )( 4) /p
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2

3 3
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<η 03 , it implies that <∂
∂

∗∗
0p

α
r ;

(ii) when > = + + − − + − =∂
∂

∗∗
α ke β c c β α η σ1, (4 (1 )(3 4 2 ))/(1 )(1 4 ) /p

α g r
2

4 4
r . Notice that >σ 04 . Let =η 04 , we have a threshold

̂ = + + −k β c c e(1 )(4 2 3)/4r g1 of k. It’s easy to find that η4 is increasing with k, which implies that:

(1) when ̂< <k k η, 01 4 . So we have <∂
∂

∗∗
0p

α
r , when ̂<k k1;

(2) when ̂⩾ ⩾k k η, 01 4 . So we have ⩾∂
∂

∗∗
0p

α
r , when ̂⩾k k1.

We complete the proof. □

Appendix C. Proof of Proposition 4

Proof. Define = −∗∗ ∗∗p p pΔ g r as a measurement to investigate the relationship between ∗∗pg and ∗∗pr .
(I) When < <α0 1, let =p η σΔ /5 5, where = + − <σ β α(1 )( 4) 05 and = − + + − − − − −η ke α β α α c α c( 3) (1 )(( 2)( 1) ( 1) )g r5 .

Notice that η5 is convex in α. Let =η 05 , we can obtain two thresholds of
̂ = + + − − − + + − + + − + − +α α c β ke ke c β β β c c ke β: ((3 )(1 ) ( (3 )(1 )) 4(1 )((1 )(2 2 ) 3 ) )/2(1 )r r g r2

2 and ′̂ = + +α c((3 )(1r2

− + − + + − + + − + − +β ke ke c β β β c c ke β) ( (3 )(1 )) 4(1 )((1 )(2 2 ) 3 ) )/2(1 )r g r
2 . Because ′̂ >α 12 , it’s only necessary to check whether

̂ ∈α (0,1)2 or not. Let ==η | 0α5 1 and ==η | 0α5 0 , we obtain two thresholds ̂ = + −k β c c e(1 )( )/2r g2 and ̂ = + − +k β c c e(1 )(2 2 )/3g r3 of k,
respectively. Then we have:

(i) if ̂⩾k k3, we have ⩽=η | 0α5 0 and ⩾pΔ 0;
(ii) if ̂<k k2, we have >=η | 0α5 1 and <pΔ 0.
(iii) if ̂ ̂⩽ <k k k2 3, we have >=η | 0α5 0 and ⩽=η | 0α5 1 , which implies there exists a α (i.e., ̂< <α0 12 ) such that

– when ̂< >α α η, 02 5 , which implies <pΔ 0;
– when ̂⩾ ⩽α α η, 02 5 , which implies ⩾pΔ 0.

(II) When >α 1, let =p η σΔ /6 6, where = − + >σ α β(4 1)(1 ) 06 and =η6 + + + − + + + − −β α ke α β β α c αc1 (2 (2 3)(1 )) (1 )((2 1) )g r .
Notice that η6 is convex in α. Let =η 06 , we have two thresholds of

′̂ = − + + − − − + + + + − − +α α c c β ke c β ke β c c β: ((3 2 )(1 ) 2 8( 1)(1 ) (2 (1 )(2 3)) )/4(1 )g r g g r3
2 2 and ̂ = − + +α c c((3 2 )(1g r3

− + − + + + + − − +β ke c β ke β c c β) 2 8( 1)(1 ) (2 (1 )(2 3)) )/4(1 )g g r
2 2 . We know η6 achieves its minimum at

̂ = + + − − − +α ke β c c β(2 (1 )(2 3))/ 4(1 )g r4 , and ̂α4 is decreasing in k. Let ̂ =α 14 , we have a threshold ′̂ = + − − <k β c c e(1 )( 2 1)/2 0r g2 ,
so ̂ <α 14 , which implies η6 is increasing in α, when >α 1. Let = + + − ==η ke β c c| 2 (1 )( ) 0α g r6 1 , we have ̂ = + −k β c c e(1 )( )/2r g2 , Then
we have

(i) if ̂< <=k k η, | 0α2 6 1 . It implies that >η 06 , so we obtain >pΔ 0;
(ii) if ̂⩾ ⩾=k k η, | 0α2 6 1 . So we obtain ̂< <α0 13 . Then the relationship between the prices depends on ̂α3:

– when ̂< <α α η, 03 6 , which implies <pΔ 0;
– when ̂⩾ ⩾α α η, 03 6 , which implies ⩾pΔ 0.

We complete the proof. □

Appendix D. Proof of Proposition 5

Proof. Define = −∗∗ ∗∗q q qΔ g r as a measurement to investigate the relationship between ∗∗qg and ∗∗qr .
(I) When < <α0 1, let = + − + − + + − − + + − +q ke α β α β α α β β α β cΔ ( (2 ( 1) ) ( 1)(1 )( 2( 1) ) (1 )((2 ( 1) ) g

+ − + + − − + − =β α α β c β α α α α β(2 ( 3)(1 )) ))/(1 )( 1)( 4)( ( 1) ) 0r , we obtain a threshold ̂ = + − + −k β α α α(1 )(( 1)( 2( 1)4

+ + − + + − + + −β α β c β α α β c e α β) (2 ( 1) ) (2 ( 3)(1 )) )/ (2 ( 1) )g r of k. Because = + − +∂
∂ e α β β(2 ( 1) )/(1 )q

k
Δ

− − + − >α α α α β( 1)( 4)( ( 1) ) 0, we know that qΔ is increasing in k, which implies that
(i) if ̂< <k k q,Δ 04 ; (ii) otherwise, ⩾qΔ 0.
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(II) When >α 1, let = − + − + + + − + + − −q ke α α α β β α c α c β α αΔ ( (3 1) ( 1)(1 ) (1 )((1 3 ) 2 ))/(1 )( 1)(4 1)g r
2 . Notice that it’s also in-

creasing in k, we have a threshold ̂ = + − + − + −k β α c α α αc e α((1 )((1 3 ) ( 1 2 )))/ (1 3 )g r5 of k, which makes =qΔ 0, then we have
(i) if ̂< <k k q,Δ 05 ; (ii) otherwise, ⩾qΔ 0.
We complete the proof. □

Appendix E. Proof of Theorem 4

Proof. Without loss of generality, we assume that probability of adopting the high or low cost strategy by the green manufacturer is
1/2.

(I) When < <α0 1, the profit function of the green manufacturer is = − − =π p p c q γe i h l( ) ( ) ,( { , })g g g gi g
2 . It is concave in pg. By first-

order condition, we have = + + + + +∗p ke β c α β p β( (1 ) (1 ) )/(2(1 ))g g r , which is impacted by the regular manufacturer’s price
strategy and the green manufacturer’s cost.

Let ∗pgh denote the optimal price when the green manufacturer holds a high cost and ∗pgl denote the optimal price when the
green manufacturer holds a low cost, then we have = + + + + +∗p ke β c α β p β( (1 ) (1 ) )/(2(1 ))gh gh r and

= + + + + +∗p ke β c α β p β( (1 ) (1 ) )/(2(1 ))gl gl r . The regular manufacturer doesn’t know the green manufacturer’s real cost, and its

profit is = − − + − −
+ + −

− + −

+ + −

− + −π p p c p c( ) ( )(1 ) ( )(1 )r r r r
ke β p p

α β αβ r r
ke β p p

α β αβ
1
2

(1 )( )

1
1
2

(1 )( )

1
r gh r gl . The reaction decision of the regular manufacturer is

=∗ + + + + + − + − +

+pr
β c β p β p ke α β

β

2(1 ) (1 ) (1 ) 2( ( 1)(1 ))

4(1 )
r gh gl . Solving the two reaction functions simultaneously, we have the Bayes Equilibrium:

⎧

⎨

⎪⎪

⎩
⎪
⎪

=

=

=

∗ − + − + + + − + +
− +

∗ − + − + + + + + − +
− +

∗ − + + + + −
− +

p

p

p

,

,

.

gh
ke α α α β β α c α c c

α β

gl
ke α α α β α β c β α c αc

α β

r
ke β c c c α

α β

4( (2 ) (1 )(1 )) (1 )((8 ) ( 4 ))
4(4 )(1 )

4( (2 ) (1 )(1 )) (1 ) (1 )((8 ) 4 )
4(4 )(1 )

2 (1 )( 4 4(1 ))
2(4 )(1 )

gh gl r

gh gl r

gh gl r

The corresponding quantities are

⎧

⎨

⎪⎪

⎩
⎪
⎪

=

=

=

∗ + + − − + − + − +
− − + + −

∗ + + + − − + − + − +
− − + + −

∗ + + + − + − − + −
− − +

q

q

q

,

,

.

gh
β α c c α c ke α α α β

α α β α α β

gl
α β c β αc α c ke α α α β

α α β α α β

r
β c c α β α β c ke

α α β

(1 )( ( 4 ) (8 3 ) ) 4( (2 ) (1 )(1 ))
4(4 )(1 )(1 )( ( 1) )

(1 ) (1 )(4 (8 3 ) ) 4( (2 ) (1 )(1 ))
4(4 )(1 )(1 )( ( 1) )

(1 )( ) 2(2(1 )(1 ) (2 )(1 ) )
2(4 )(1 )(1 )

gl r gh

gh r gl

gh gl r

(II) When >α 1, we can obtain the equilibrium in same way and omit if here.
We complete the proof. □

Appendix F. Proof of Proposition 6

Proof. Define = −∗ ∗∗p p pΔ g gh g as a measurement to investigate the relationship of the prices of the green product between the
asymmetric and symmetric information scenarios.

(II) When < <α0 1, let = + − − − =p c α c αc αΔ (8 ( 8) )/4( 4) 0g g gh gl , we have a threshold ̂ = − +c α c αc((8 ) )/8g gh gl1 of cg. And it’s easy
to prove that pΔ g is decreasing in cg, which implies that

(i) if ̂< >∗ ∗∗c c p p,g g gh g1 ;
(ii) if ̂⩾ ⩽∗ ∗∗c c p p,g g gh g1 .

(II) When >α 1, let = − + + − − + + − + + −p α α β c α α β c α β c βΔ (16 (1 2 )(1 ) (4 1)(8 3)(1 ) (4 1)(1 ) 2(g g gh gl

+ + − + − + − + + =α β c c ke α β α α β2 (1 )) 2( ( 1)(1 )))/8(8 6 1)(1 ) 0r r
2 , we have a threshold ̂ = − − + +c α α β c((4 1)(8 3)(1 )g gh2

− + − − − + + − + − +α β c ke α β α β c α α β(4 1)(1 ) 2( ( 1)(1 ) (2 1)(1 ) ))/(16 (2 1)(1 ))gl r of cg. And it’s easy to prove that pΔ g is decreasing in cg,
which implies that

(i) if ̂< >∗ ∗∗c c p p,g g gh g2 ;
(ii) if ̂⩾ ⩽∗ ∗∗c c p p,g g gh g2 .

We complete the proof. □

Appendix G. Proof of Proposition 7

Proof. Define = −∗ ∗∗q q qΔ g gh g as a measurement to investigate the relationship of the prices of the regular product between the
asymmetric and symmetric information scenarios.
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(I) When < <α0 1, let = − + − + − − + − =q α c α c αc α α α α βΔ (4(2 ) (3 8) )/4( 4)( 1)( ( 1) ) 0g g g g1 2 , we have a threshold
̂ = − − −c α c αc α((8 3 ) )/4(2 )g gh gl3 of cg. And it’s obviously to prove that qΔ g is decreasing in cg, so we have
(i) <qΔ 0g , if ̂<c cg g 3; (ii) ⩾qΔ 0g , if ̂⩾c cg g 3.
(II) When >α 1, let = − + − − − + + − + + −q α β c α α β c α β c β αΔ (8(1 2 ) (1 ) (4 1)(8 5)(1 ) (4 1)(1 ) 2( 2g g gh gl

2

+ + − + − + − − − + =β c c ke α β α α α β(1 )) 2( ( 1)(1 )))/8( 1)(2 1)(4 1)(1 ) 0r r , we have threshold ̂ = +c ke(2g 4
+ − + − + + − + − − +β α α α c α c α c α β(1 )(2 2 (32 28 5) (1 4 ) 2(2 1) ))/8(2 1) (1 )gh gl r

2 2 . And it’s easy to prove that qΔ g is increasing in cg, so
we have

(i) <qΔ 0g , if ̂<c cg g 4; (ii) ⩾qΔ 0g , if ̂⩾c cg g 4.
We complete the proof. □
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