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Abstract: To reduce the cost of energy conservation and emission reduction, some manufacturers will
choose to misreport the green degree of their products, which may have some serious negative effects
on the profit of the supply chain. To investigate the effects of the manufacturers” misreporting strategy
on the decisions and associated profit of the supply chain, we establish a two-period Stackelberg game
model for a dual-channel manufacturer-retailer setting. Our results show that the manufacturers’
misreporting strategies lead to higher profits for them, which means that manufacturers tend to
misreport the green degree of the products. However, the manufacturer’s misreporting strategy will
put the retailer and the whole supply chain in a disadvantageous position and, hence, reduce the
profit of the retailer and the whole supply chain. In addition, we also show that the manufacturer’s
misreporting strategy only affects the greenness of the product and does not affect the pricing
decisions of the manufacturer, the retailer and the whole supply chain. Finally, we design a revenue-
sharing contract to achieve the coordination of the supply chain, which provides managerial insights
for the decision makers of the supply chain.

Keywords: green supply chain; dual channel; misreporting; coordinate

1. Introduction

In recent decades, environmental pollution and its impact on social sustainable devel-
opment has emerged as an issue of public concern [1-3], and the governments of various
countries, such as France, Norway and China, have passed a series of strict environmental
protection policies. These government policies result in both pressure and motivation for
enterprises in the supply chain to improve their environmental performance. Moreover,
due to the significant improvement of consumers’ environmental awareness in recent years,
that is, consumers are willing to pay more for green products [4], green supply chain
management (GSCM) has increasingly become one of the important ways to improve the
performance of enterprises.

To build a good social image, many enterprises adopt the GSCM, which improves the
economic performance of enterprises, and the improved economic performance in turn
encourages enterprises to continue to take measures of energy conservation and emission
reduction [5-7]. The adoption of green supply chain management has brought positive
effects to enterprises in the supply chain, consumers and environmental protection [8-11].
However, a new problem has arisen in the GSCM. Specifically, to reduce the cost of energy
conservation and emission reduction, some enterprises in the supply chain, as reported by
Southern Weekend, misreported their efforts to reduce energy conservation and emission
reduction [12]. Such behavior has a serious negative impact on the overall image of the
supply chain and the economic interests of other enterprises in the supply chain [13]. How-
ever, in reality, it is difficult to define the misreporting behavior of enterprises. Moreover,
in China, there is no law specifically for greenwashing marketing of enterprises, which
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brings great difficulties to the management of misreporting behavior. Therefore, in the
following parts of this paper, we will establish a game model to study the misreporting
behavior in the supply chain to provide effective guidance for policy making and enterprise
decision making.

Furthermore, with e-commerce’s continuous development, several companies have
promoted a multi-channel distribution system [14], which means that the manufacturer in
the supply chain can sell products through both the retail channel and the direct channel.
However, although the opening of online direct marketing channels will bring positive
effects to enterprises [15-18], the differences in the attributes and prices of the two channels
will affect consumers’ choice and cause changes in channel demand. Therefore, in the case
of the coexistence of direct and retail channels, an effective pricing strategy of each channel
can benefit the whole supply chain. Driven by this trend, consumers’ preferences also affect
the pricing decisions of products to a certain degree. In such a dual channel supply chain
environment, how to make pricing decisions for green products is an important issue.

There are many studies on the decision making and coordination of dual-channel
green supply chain [19-23]. However, most of the studies consider the settings under
the information symmetry, and few literature works have studied the misreporting of
enterprises. Motivated by the significant impact of misreporting on the profits of enterprises
and the research gap in the literature, we model a green supply chain consisting of a
manufacturer and a retailer, where the manufacturer, as the leader, can decide whether to
implement the strategy of misreporting.

e  What pricing and production strategies should the manufacturer implement in the
cases with and without misreporting?

e  How does the manufacturer’s misreporting decision affect the decisions and profits of
the retailer and the whole supply chain?

e Can arevenue-sharing contract effectively coordinate the supply chain and prevent
the manufacturer from misreporting the green degree of the product?

To answer the questions above, we consider a supply chain where the manufacturer
sells green products through a traditional channel retailer and its own online channel. In
this supply chain, the manufacturer is the leader, and the retailer is the follower. A two-
period Stackelberg game model is developed to determine the retailer’s optimal pricing
strategy and the manufacturer’s optimal pricing and environmental protection strategy.

The main findings of this paper are the following. First, the manufacturer’s misreport-
ing will reduce the green degree of the product, but it will not affect the price decisions of
the manufacturer and the retailer. Second, the manufacturer’s misreporting can make the
manufacturer gain more profits, but it will damage the profits of the retailer and the whole
supply chain. Third, a revenue-sharing contract can effectively coordinate the decision
making of the manufacturer and the retailer, and it can encourage the manufacturer to give
up the strategy of misreporting.

The contribution of this study to the literature is three-fold. Firstly, the optimal pricing
and environmental protection strategies are explored for a SC in which green products
are sold in a dual channel by considering not only the influence of decision-making mode,
but also the influence of channel structure on the decision making of each decision maker
in the supply chain. Secondly, we construct a two-period Stackelberg game model of
manufacturer and retailer, which is dominated by the manufacturer, to explore the influence
of misreporting strategy on the optimal decision making and profit of the manufacturer, the
retailer and the whole supply chain. Thirdly, we propose a revenue-sharing contract that
coordinates supply chain decisions within a certain range and prevents the manufacturer
from misreporting the green degree of the product.

The remainder of this paper is organized as follows. Sections 2 and 3 present the
literature review and the model of this paper. In Section 4, we solve the optimal decision
and profit of each model. Additionally, in Section 5, a comparative analysis of the optimal
solution and optimal profit of different models is discussed. Section 6 illustrates the model
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with a numerical example. The conclusions are presented in Section 7. All evidence is
outlined in Appendix A.

2. Literature Review

This study is closely related to three research streams in the existing literature: dual-
channel supply chain, green supply chain management and misreporting strategies in
supply chains.

The first stream relates to dual-channel supply chain being the problem of optimal
pricing decision. Dan [14], Yang [24,25], Xie [26] and Li [27] studied the optimal price
decision in a centralized and decentralized supply chain and analyzed the influence of
supply chain structure on price decision. However, the conclusions they came to were not
entirely consistent. For example, the research conclusion of Dan [14] indicated that the
optimal price of a centralized decision was higher than that of a decentralized decision,
while Xie [26] indicated that the online and offline price under a decentralized decision
was higher than that under a centralized decision. To determine the impact of channel
structure on the optimal pricing decision, we solve the optimal pricing of a centralized
and a decentralized decision, respectively, against the background of dual-channel green
supply chain and make a comparative analysis.

In addition, the impact of dual channels on the profit of enterprises in the supply chain
is also closely related to this study. Although the dual-channel strategy expands the market
for the enterprise [28], it also leads to the competition between the direct channel and the
retail channel [29]. Therefore, the dual-channel strategy will have a very complex effect
on the profit of the enterprise. The research of Chiang [15] and Cai [30] showed that the
manufacturer’s dual-channel strategy was profitable to the manufacturer, which meant
that the opening of new channels can bring more profits to the manufacturer. Furthermore,
Yue [31] and Chen [28] pointed out that the manufacturer’s dual channel strategy can not
only improve the manufacturer’s own profits, but also bring positive effects to the profits
of the whole supply chain. However, the dual-channel strategy of the manufacturer may
have a negative effect on the retailer’s profit [15,32,33]. Different from the above literature,
the channel strategy of enterprises in the supply chain is not the focus of our research but
is one of the backgrounds of our research.

As for the literature of green supply chain management, the most relevant to this
study are the decision making on product’s green degree and the contract coordination of
the green supply chain.

The first stream relates to green supply chain management being the decision on the
product’s green degree. Ghosh [34] analyzed the impact of decision-making models and
power structures in green supply chains on player’ green strategies, and their research
concluded that cooperation among players does indeed lead to higher greening levels.
Zhu [35] also studied the factors that influence the “greenness” of the product, and they
analyzed the impact of supply chain structure (concentrated and decentralized product),
green product type (development-intensive or marginal cost-intensive) and the types of
competition (price competition and greenness competition) on product greenness. Similarly,
some other scholars have also conducted detailed research on emission reduction decision
making [36-38] and reached similar conclusions. The difference between this study and the
literature mentioned above is that we consider the influence of manufacturer’s misreporting
behavior on product greenness, which has not been studied.

Contract coordination is also one of the focuses of green supply chain management.
Many scholars have studied the coordination of dual-channel supply chain, which is the
second stream related to dual-channel supply. Different types of contracts have been
adopted by scholars, such as two-part tariff contract [22,34,38-40], revenue-sharing con-
tract [41-44], cost-sharing contract [45-48] and buyback contracts [49]. All these studies
are based on symmetrical information in the supply chain. However, in our study, the
manufacturer may misreport the green degree of products, which falls into the category of
information asymmetry.
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Our work also relates to the literature on misreporting strategies in supply chains. The
exciting literature on supply chain information sharing assumes that information is shared
truthfully; in practice, however, unless each party can verify the authenticity of the other
party’s information, manufacturers and retailers may misreport their own information for
their own benefit [12,14]. As pointed by Lei [50], inefficiency occurs when each party of a
supply chain makes decisions on the basis of inaccurate information. Yan's [13] research
on manufacturers’ misreporting of cost information indicated that manufacturers would
overstate costs for their own benefit, which could have negative effects on the retailer and
the entire supply chain, and this effect was related to consumers’ cross-price sensitivity.
Qin [44] studied the misreporting of investment cost information of battery suppliers in a
two-stage supply chain consisting of a battery supplier and an electric vehicle manufacturer,
and their research results showed that the misreporting of cost information had adverse
effects on participants and reduced the driving mileage level of electric vehicles. In addition
to the loss of benefits in the supply chain, the behavior of misreporting will also aggravate
the unfair distribution of profit in the supply chain [51]. Similarly, Lau [52] also studied
cost misreporting by a manufacturer. However, they obtained a different result, which
indicated that, in the case of linear demand, the manufacturer would overstate their
own production costs, whereas in the case of iso-elastic demand, the manufacturer will
underestimate their production costs to benefit themselves and the whole supply chain,
which was counter-intuitive.

In addition, some scholars use empirical research methods to study misreporting
behavior in the supply chain. Yin [53] explored the impact of consumer misreporting on
suppliers’ investment decisions. Their research results showed that the over-investment of
suppliers caused by customers’ misreporting behavior would also lead to poor performance
of suppliers in the future, thus leading to negative market reaction. Spiliotopoulou [54]
analyzed the influence of regional managers’ misreporting of forecast information on
the inventory centralization decision, and their research concluded that if the regional
managers have the motivation to misreport, the centralization decision makers will not
trust the regional managers’ forecast information, which will lead to the absence of truth-
telling equilibrium unless inventory competition or demand uncertainty is eliminated.
However, to our knowledge, to date, no research has been conducted on the problem of
misreporting the greenness of products in the supply chain, which is the focus of our study
and one of the most important differences between our research and the above studies.

3. Model Construction and Basic Assumptions

In this section, we describe a game model in which the manufacturer sells green
products with environmental protection features over a two-period horizon, denoted by
t € {f, s} In the first period, the manufacturer announces the product information to the
market; in the second period, since consumers have purchased the product in the first
period, consumers can identify the real product information, which may be inconsistent
with the information published by the manufacturer in the first period.

To solve the problems mentioned in Section 1, next, this section will analyze the
decision under centralized and decentralized decision making, respectively. Against the
background of centralized decision making, the manufacturer and the retailer negotiate to
maximize the profit of the whole supply chain, while in the context of decentralized decision
making, the manufacturer and the retailer individually make decisions to maximize their
own profits.

3.1. Model Structure

A two-period model with one manufacturer and one retailer is constructed. We model
the interaction between the supplier and the manufacturer as a Stackelberg game, where
the manufacturer serves as the leader, and the supplier is the follower. The manufacturer
distributes their products to consumers through two channels: a retail channel, denoted by
channel 1, and a direct channel, denoted by channel 2, as illustrated in Figure 1.



Sustainability 2022, 14, 4957

50f 28

Manufacturer

l

Retailer

V|

Consumer

Figure 1. The dual-distribution channel structure.

Similar to the past studies, we assume that demand is a linear function of the retail
price and the degree of environmental protection, a greenness measure [36,55-57]. The
demand functions for the retail and direct channels are expressed, respectively, as follows:

dl =da — ‘B1p1 +91€

dz = (1 — (S)Ll — ,52}72 + 6re

where a is the total market demand for the product, which refers to the potential maximum
market capacity. Parameter § represents the degree of consumers’ preference for the offline
channel (i.e., retailer channel). Specifically, the higher § means that more consumers are
inclined to buy products offline. When 6= 1, consumers will not consume through the
online channel. Parameter B; (i= 1, 2) reflects the sensitivity of the demand for each
channel to the product price, that is, the demand change for one unit price change. In
addition, 6; (i = 1,2) captures the sensitivity of market demand to changes in the degree
of environmental protection.

Since our main focus is on the emission reduction strategies in the context of mis-
reporting, in order to highlight more on this core issue, this paper will not consider the
impact of price competition between two channels. Thus, we can assume the demand for
channel i (i = 1, 2) is not affected by the retail price of channel j (j = 2 — 7). Product demand
decreases with its own retail price and increases with the product greenness level. This
assumption is made for the simplicity of solving and analyzing the mathematical model,
and it can also help us focus on the emission reduction in the context of misreporting.

Table 1 summarizes the meaning of all symbols and subscripts used in this paper.

Table 1. The description of the symbols.

Notations Description

Potential market demand.

Market share of the retail channel.
Elasticity coefficient of the retail price.
Elasticity coefficient of the green degree.
Green degree of the product.

Cost coefficient of the green product.

The wholesale price charged by the manufacturer.

The retail price charged by the manufacturer and the retailer to consumers.
The profit function announced by the manufacturer when the manufacturer
misreports the green degree.

The profit function of the manufacturer and the retailer.

N € T8 0 D™
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Table 1. Cont.

Superscripts/Subscripts

f The superscript f denotes the first period.

s The superscript s denotes the second period.

* The superscript * denotes the optimal state.

m The subscript m denotes the manufacturer.

R The subscript R denotes the retailer.

i The subscript i denotes channel 7, i =1, 2.

c The subscript c indicates the centralized decision making of the supply chain.

s The subscript s denotes the supply chain.

J The subscript d indicates the decentralized decision making of the supply chain
without misreporting.

h The subscript h indicates the manufacturer misreporting the green degree of

the product.

3.2. Assumptions
Our model is based on the following assumptions:

Assumption 1. The investment in emissions reduction is a one-time decision, which has no effect
on the unit production cost.

This assumption is along the same line of Krishnan [58] and Zhu [35]. Therefore, in
our model, after the manufacturer decides the optimal degree of greenness in the first
period, it remains unchanged in the second period.

Assumption 2. The manufacturer’s cost incurred by improving the green degree e is given by
cs = ke? /2.

This assumption has been employed in the literature, such as Ghosh [59] and Mukhopad-
hyay [60].

Assumption 3. Market demand is more sensitive to price than to greenness level. That isf; >
0;(i = 1,2). In addition, the cost coefficient of energy conservation and emission reduction is

sufficiently large with k > {%,3@}(1’ =1,2).

A similar assumption was made by researchers such as Tsay [61] and Xu [62].

4. Model Solutions and Discussions

In this section, we derive the optimal pricing strategies and associated optimal profits
for the members of the supply chain.

4.1. The Centralized Model

First, we present the centralized decision model of supply chain as a benchmark. In
such a model, a centralized decision maker decides the direct selling price, the retail price
and the greenness degree of the two periods, respectively. The decision sequence, as shown
in Figure 2, is as follows: First, the centralized decision maker determines the optimal
degree of greenness based on the expected profits to maximize the total profits of the two
periods. Next, the manufacturer decides the direct and retail prices for the first and second
periods, respectively.

The centralized decision- The centralized decision- The centralized decision-
maker decide e maker decides p; and p, maker decides p; and p,
v v v _
L
————— » Periodl «———1_———» Period2 «———-

Figure 2. Decision sequence in the centralized model.
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Clearly, the profit functions of the supply chain in the two periods are, respectively,

given by
2

k
l = pl(6a— Bipl +61e) + pL1(1 — 8)a — Bap) + 2] — % )

e = pi(da — B1pi +61e) + p3[(1 = 6)a — Pap3 + bae]. )

Next, we can obtain the optimal values of the decision variables for the two periods,

sequentially based on the reverse induction method. It follows from Equation (1) that the
f

Hessian matrix of 7; is given by
_ | eealy apf 2 / opbap] | _ { 28, 0 ]
/E)p apz Tt /apjztz 0 —2p

Since |H|= 4B1B2 > 0, the optimal solution for the centralized decision model exists.
Then, by solving 871{ / ap{ = 0and 871{ / ap§ = 0, the optimal direct selling price and the
optimal retail price of the first period are as follows:

fo a5+€91

plc - 2,31 (3)
f __a—ad+eb
pZC - ZBZ . (4)

Substituting (3) and (4) into (1) yields the optimal profit of the supply chain in the
first period:

§+e61)*  (a—ad+eb)*
2e%k + (a +
4[ b1 B2

Similarly, we obtain the Hessian matrix of 77 as

=1

J ©)

H— *rs/opit 9*ms/ops apl } _ { -2 0 }

027 /p3ops 8271 s/ops? 0 —2B

Obviously, the above Hesse matrix is negative definite, thus the optimal pj and p;
maximizing 7} are given by
s ad + et

plC = 2‘31 (6)
s _ a—ad+et

Pac = 2[82 . (7)

Similarly, the optimal profit of the supply chain in the second period is given by
s — Ba(ad + e61)® — Br[a(1 — 8) + e6y] . ®)

4p1p2
Next, the total profit of the whole supply chain is 7. = 7'[{ + g, that is
1. . (a6+e6)* (a—ad+e)

e = [—e“k+ + . 9
c 2[ ,61 ﬁZ ] ( )
Since aaze —k + ﬁ + [952 < 0, the optimal green degree can be obtained as follows:

e = a0p201 + ap10> — adp16, 10)

kB1B2 — B207 — B163
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Finally, substituting (10) into (3), (4), (6), (7) and (9) yields the optimal decision and
optimal profit of the supply chain, as shown below:

fr sk _ a{k5ﬁ2 +62[(1 _5)61 _562]}

Ple = Ple = 708, (kB, — 02) — 28,0
pf* _ ps* _ ﬂ{(k — k&)ﬁl — 91[(1 — 5)91 — 592]}

2 Pk 261 (kBy — 62) — 25262
fx a{(k —kd)B1 — 01[(1 —0)01 — 6]}

J— S* —
Pae = P2 2B1(kBy — 63) — 2,67

k6B +(61+6,)[(1-9)

F(1-3) 6100, , the optimal direct price is

Corollary 1. In a centralized model, if 1 >

greater than the optimal retail price; iffy < k5/52+(91+k92)[(;)*5)91*592], that is

By > (k*kf5)ﬁ1*(91+1féz)[(1*5)91*59z]

, the optimal retail price is greater than the optimal direct price.

Corollary 1 is quite intuitive: when price elasticity B;(i = 1,2) is higher than a certain
threshold, the price of the product in channel I will be reduced. Note that a price change
will bring two opposite effects to the manufacturer. On the one hand, the increase in price
will increase the manufacturer’s marginal profit and bring positive effect to the enterprise’s
profit. On the other hand, the increase in price will lead to the decrease in product sales,
which will lead to the decrease in the manufacturer’s sales revenue. When price elasticity
exceeds a certain threshold, the increase in product price will lead to a substantial reduction
in product sales. That is, the negative effects dominate the positive effects. Therefore, the
manufacturer prefers to reduce the price of products.

4.2. The Decentralized Decision Model without Misreporting

In the context of decentralized decision making, we assume that the manufacturer
and the retailer are rational, that is, the manufacturer and the retailer make decisions,
respectively, to maximize their profits. Specifically, firstly, the manufacturer decides the
optimal degree of greenness to maximize the total profit of the two periods; next, in
the first period, the manufacturer, as the leader, determines the wholesale price of the
product. Then, the manufacturer and the retailer decide the direct price and the retail
price simultaneously under the given wholesale price and greenness degree. In the second
period, the manufacturer determines the wholesale price; finally, the manufacturer and
the retailer decide the optimal direct price and optimal retail price, respectively. Figure 3
describes the decision sequence of the manufacturer and the retailer in the decentralized
model without misreporting.

The retailer decides p The retailer decides p;
The manufacturer | | and The manufacturer | | The manufacturer | | and The manufacturer
decides w decided p; decides w decided p»
| ! | L
|— —————————— + Period]l €-—--——- J— ————— + Period2 +-——————- J

The manufacturer
decides e

Figure 3. Decision sequence in the decentralized decision model without misreporting.

The profit function of the manufacturer and the retailer at each period can be expressed
as follows:

2

ke
n{nd = wf(éa — ,81;7{ + 61e) + p{[(l —d)a— ‘szg + 6] — -5 (11)
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h, = (pl — w)(da - B1p] + 0e) (12)
g = W (da — Bip] + 01e) + p3[(1 — d)a — Bap5 + O2¢] (13)
g = (P} — 0°)(da — B + Ose). (14)

Similar to the centralized model, the optimal solution and the optimal profit of the
manufacturer and the retailer are solved by the backward induction, which is summarized
in Proposition 1.

Proposition 1. In the model, which is a decentralized decision-making model without misreporting,
we can obtain the optimal solution and the optimal profit of the manufacturer and the retailer

as follows:
R o
i~ e A
i =i = e e
P = =

a2{2k(1 — 6)2B1 + k62By + [(1— 8)0y — 592]2}
= . ~ (19)
4p1 (kB2 — 63) — 2267
o _ a2B1{kopa + 02[(1 — 0)61 — 6]}
‘ 2[B262 — B (2Kpa — 263)]°

(20)

4.3. The Decentralized Decision Model with Misreporting

All the analyses above, whether centralized or decentralized, are carried out under
the assumption that the manufacturer does not misreport the green level of the product.
However, this may not be the true case; more likely, one member cannot accurately grasp
the other’s information, which will bring positive effects to the member who masters the
information, but it will bring negative effects to the other member of the supply chain. For
example, when retailers make decisions, they cannot accurately know the green degree
e of products, so the manufacturer must declare their own green degree first. However,
the manufacturer may misreport their green degree to obtain more benefits. In the case
of asymmetric information, how can the manufacturer misreport their green degree to
benefit themselves?

In the green supply chain, the manufacturer has the motivation to misreport their
own green degree, which will bring them more market demand, and hence, more profits.
Next, we will build a two-period game model to study the model of the manufacturer’s
misreporting of the green degree. The decision sequence is shown in Figure 4. Specifically,
compared with the decentralized decision making in the context of information symmetry,
the only difference is that the manufacturer first determines the level of misreporting of
product greenness before all pricing decisions are made.
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The retailer decides p, The retailer decides p,
The manufacturer The manufacturer | | and The manufacturer The manufacturer and The manufacturer
decides € decides w decided p» decides w decided p,
L | Y | Y h 4 | e
y >
|— —————————— + Periodl +-————-— J— ————— + Period? +——————— J

The manufacturer
decides e

Figure 4. Decision sequence in the decentralized decision model with misreporting.

Similar to Yan [13], when the manufacturer misreports the green degree of the product,
the manufacturer makes decisions according to the announced profit function to be consis-
tent with their own misreporting behavior. Suppose that the green degree of the product
announced by the manufacturer is e(1 + ¢). Thus, the announced profit functions of the
manufacturer and the retailer in the first period are given by, respectively:

ke2(1+¢)?

q)ih = wf[éa — ,Blp{ +01e(1+¢)] + pg[(l —d)a— ﬁzpjzr +6e(1+¢)] — 5

(21)

ol = (P —w)[5a— B1p] +6re(1+¢)] (22)

However, the actual cost paid by the manufacturer is ke?/2. Therefore, the actual
profit functions of the retailer and the manufacturer in the first period are as follows:

2
iy = w'[6a — Brp] +01e(1+&)] + pf[(1 — 6)a — Bop} + Ore(1+2)] — k% (23)

mh

b, = (P} —wl)[6a — Brp] +61e(1 +¢)] (24)

When consumers purchase the products, whether through the manufacturer or the
retailer, they can realize that the green degree of the product is ¢, not e(1 + ¢), which
is announced by the manufacturer in the first period. Thus, in the second period, the
market demand will change, which will lead to changes in the actual profit function of the
manufacturer and the retailer.

According to Assumption 1, the cost of carbon emissions reduction is a one-time
investment. Therefore, the decision functions of the manufacturer and the retailer in the
second period are as follows:

P = W'[0a — B1p + Ore(1+ )] + p3[(1 — 8)a — Bop} + b2e(1 +¢)] (25)

P = (pi —w’)[0a — B1p] + O1e(1 +¢)] (26)

As consumers of each channel realize the true green degree of the product in the second
period, the final sales volume of each channel is éa — ;pj + 0;e. However, since all the
products ordered in the first period have already been sold, the retailer does not know the
true green degree of the product. Therefore, the retailer will still order da — B1p] + 61e(1 +¢)
in the second period. The actual profit functions of the manufacturer and the retailer in the
second period are as follows:

7 = P3l(1 = 6)a — Baps + bre] + w'[da — B1p5 + O1e(1 +¢)] (27)

Ty = pimin{[da — B1p] + 01e(1 +¢)], (da — B1p] + 61e)} — w'[da — Bip] + O1e(1 + €)] (28)

Next, we obtain the optimal solution and the optimal profit for the case with the
manufacturer misreporting the green degree by backward induction, which is summarized
in Proposition 2.
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Proposition 2. In a decentralized decision-making model with manufacturer’s misreporting, we
have the optimal solutions and the associated profits of the manufacturer and the retailer given by

Fo o a{koBa +62[(1 — 0)61 — 36}
G O 281 (kB2 — 63) — 263 @)
o a02{2k(1 —5)B1 — 61[(1 —0)6; — 962} (30)
b 4kpB1 (kBy — 63) — 2kp,62

o fr 3a{kéBa+6,[(1—08)6; — 562]}
P P 4 (ka2 — 63) — 26207 o

sk fx H{Zkﬁl(l — 5) — 61[(1 — (5)91 — 592]}

P = P T T (kg2 — 3) — 28] o
ﬁ{%%%hgs%x1f&%ﬁfﬁw@fmfwwﬂmwﬁﬂ1f@
—@w%—ufwwﬂ}+%&{%%%§—%@pu—vf%—3a—&Mﬁz
Hﬁ@+@wf®%—ayww@+mﬁ§} )

33
8K[B203 — B1 (2kBs — 263)]°

ﬂz{kéﬁz + 92[(1 - (5)91 - (592]}{2]([31 [k&ﬁz

_ —2(1-8)018, — 063] — 303{2k3ps — 02(06, — (1 — )64} }
TRy = ’ 12 (34)
4k[ﬁ291 - ﬁ1(2kﬁ2 - 292)]
o _ 2K0Bo01 + 02[2k(1 — 8)By + 61 (61 — 961 — 562)] (35)

02{2kB(1 —6); — 01[(1 —0)01 — 66,] }

From the optimal solution of Propositions 1 and 2, we have the following Corollary 2.

Corollary 2. If 1 > Skopa+ (6 J;i‘zi)_[%l)fﬁ)elf‘seﬂ is satisfied, the optimal direct price is greater than

3kdBa+(61 Zi(ii!(él)—5)91—592]  that

is,

the optimal retail  price. IfB1 <

B2 > 2(1-0)p 17(91?{%)[(175)617592], the optimal retail price is greater than the optimal direct
price in the decentralized decision-making model, regardless of whether the manufacturer misreports
the green degree.

Similar to Corollary 1, Corollary 2 shows that price elasticity has a significant impact
on pricing strategy. A larger B;(i = 1,2) means that consumers in channel i are more
sensitive to the price of the product and, thus, a lower willingness for the manufacturer to
increase the price.

5. Analysis of Optimal Decision and Optimal Profit and Contract Coordination

In this section, we will compare and analyze the optimal solution and optimal profit
of the above three models to gain some managerial insights and propose a revenue-share
contract to coordinate supply chain decisions.

5.1. Sensitivity Analysis

In this part, we will analyze the sensitivity of the optimal solutions, which are obtained
in the fourth part.

Proposition 3.

a}?f’}k _ owly

9B; " 0B; N 9B;

<0(,j=1,2t=Ff s;]=cdh). (36)
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dej ]
—J <0(j=1,2]=cdh). (37)
8,3]-

As shown in Proposition 3, the optimal price, whether centralized or decentralized,
has a negative correlation with price elasticity. The higher the price elasticity is, the more
sensitive the demand is to price changes. That is, reducing the price can bring about a
significant increase in the demand; thus, the manufacturer may reduce the wholesale price
of the products, which means a decrease in marginal revenue. To maintain their own profits,
the manufacturer will reduce the green degree of their products.

Similarly, the elasticity coefficient of the green degree also has a significant impact on
the optimal decisions, as shown in Proposition 4.

Proposition 4.

tx *
opl; =0 ow!; ow}*

% 50, = %, >0(i,j=1,2t=f,s]=cdh). (38)
dej )
L >0(=12T=cdh). (39)
96

On the contrary, there is a positive correlation between the elasticity coefficient of the
green degree and the optimal price.

This is consistent with our intuition, since the higher demand elasticity of the green
degree, that is, a larger 6;, means that the change of the green degree will have a greater
impact on demand. To obtain more sales volume and more sales revenue, the manufacturer
will increase the green degree of the products actively, which will lead the manufacturer to
increase the wholesale price and the direct price of the products to make up for the extra
cost of improving the green degree.

For the retailer, the increase in wholesale price means the increase in cost, which will
lead to the decrease in retailer’s profit. Thus, to maintain their own profits, the retailer will
also increase the retail price of the product.

Proposition 5.

apf;‘ owlt  wl )

5 Sk T ok <0(i=1,2t=f,s]=cdh). (40)
ae}‘ 0 dh 41
ﬁ < (] =ca, ) ( )

Similar to price elasticity, the green cost coefficient of the product will also have a
negative effect on the optimal decisions.

In other words, the increase in k will lead to the decrease in the optimal green degree
and the optimal price, which is inconsistent with our intuition. For the manufacturer,
the increase in k means the increase in energy saving and emission reduction costs. To
maintain their own marginal profit, the manufacturer will reduce the green degree of the
product, which will lead to the decrease in consumer preference for the product. To attract
consumers to buy the product, as shown in Proposition 5, the manufacturer will reduce
the wholesale price and the direct price, and the retailer will reduce the retail price of
the product.

Proposition 6.

opyy _dpy - owl  owf
5% >0, 3 <0, 5% = 35 >0(t=f,s;]=cdh). 42)
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dej,
54 <0 (43)

If B > 2’31 , thatis 6 > zﬁl satisfied, then ac > 0, otherwise 2 35 C <0 If

By > ZGzﬁl , thatis 8; > Eﬁl satisfied, then - >0, otherw1se - <0.

From Proposition 6, several interesting conclusions can be drawn. First, the optimal
price decision of the retail channel is positively correlated with the market share of the
retail channel, while the optimal price decision of the direct channel is negatively correlated
with J. The higher the J, the more market demand for the retail channel, which means
that consumers prefer the retail channel. Therefore, to obtain more profits, the retailer
will increase the retail price, and the manufacturer will also increase the wholesale price.
Correspondingly, the higher the §, the less market demand for direct channels, that is, the
less consumers prefer direct marketing channels. Therefore, the manufacturer reduces the
direct selling price of the product.

Second, the optimal green degree is negatively correlated with the retail channel
market share when the manufacturer misreports the green degree of the product, which
can be explained by the following reasons. When the manufacturer misreports the green
degree of the product, the consumers of the direct marketing channel will realize the true
green degree in the second period, which will lead to the decrease in the sales volume of the
direct marketing channel. A higher § means more sales through the retail channel, that is,
the retail channel is more important to the manufacturer. Therefore, the manufacturer will
misreport the green degree to a greater extent. However, when 4 decreases, the importance
of the direct channel will be significantly improved. As the misreporting will lead to the
reduction in demand for the direct channel in the second period, the manufacturer will
misreport the green degree to a lesser extent.

Third, when the manufacturer does not misreport the green degree of the product, the
relationship between the green degree and the retail channel market share depends on the
elasticity coefficient of the product. Taking the centralized decision model as an example, if
the price elasticity of the direct channel is greater than a certain threshold, or the elasticity
coefficient of the green degree of the retail channel is greater than a certain threshold, that
is, the consumers of the direct channel are more sensitive to the price, while the consumers
of the retail channel are more sensitive to the green degree of the product, there is a positive
correlation between the green degree and the market share of retail channels. As J increases,
the sales volume of the retail channel will increase accordingly. To cater to the preferences
of consumers in the retail channel, the manufacturer will improve the green degree of the
product. However, when J decreases, the sales volume of the direct channel will increase.
To cater to the preferences of consumers in the direct channel, the manufacturer will reduce
the price of the product, which will lead to the reduction in the green degree of the product.

Next, we will analyze the influencing factors of the manufacturer’s misreporting level.

(44)

Proposition 7.
oe* oe* oe*

0 >0, 55 >0, 96, < 0. (45)
0 0, . . de* de*
I — i <
If = > 5, satisfies, then — By > 0, otherwise 5 0. (46)

Proposition 7 indicates that the elasticity coefficient of the green degree, the market
share of the retail channel and the cost coefficient of energy conservation and emission
reduction will have a significant impact on the manufacturer’s misreporting decision.
Specifically, first, the manufacturer will misreport the green level of products to a greater
extent when consumers in the retail channel are more sensitive to the green level of products.
This is because the increase in ¢; can bring more sales to the retail channel. In order to
reduce costs, manufacturers will misreport the green degree of products to a greater extent.
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On the contrary, when 6, increases, the manufacturer will misreport the green degree
of the products to a lower extent. Since the misreporting will reduce the sales volume of
the direct channel in the second period, the manufacturer will more truthfully announce
the green degree of the product.

Second, there is a positive correlation between J and €. The increase in ¢ will reduce the
importance of the direct channel, which will obviously lead the manufacturer to misreport
the green degree of products to a greater extent.

Finally, when ﬁ > g—;, ¢ will increase with k. ﬁ > Z—; means that the sales
volume of the retail channel is relatively high, and the consumers of the retail channel are
not sensitive to the green degree, so when k increases, to reduce the cost, the manufacturer
will misreport the green degree of the products to a greater extent. However, when
ﬁ < g—;, there are more consumers in the direct channel. To prevent the reduction in

sales in the second period, the manufacturer will misreport the green degree of products to
a lesser extent.

5.2. Comparative Analysis of Optimal Decision

In Section 4, we solve the optimal solutions of the centralized model, the decentralized
model with information symmetry and the decentralized model with the manufacturer
misreporting the green degree, respectively. Next, we will compare the optimal solutions
of different models to provide decision-making guidance for practitioners.

Theorem 1.
Pl =i W) = Wi w) =i, (i=1,2;] =cd,h) (47)
pl =l i =i ) =l =W, (i=1,2). (48)

According to Theorem 1, we can draw the conclusion that the retail prices of different
periods are the same and so are the direct price and the wholesale price, either in the
centralized model or the decentralized model. To see the intuition, first consider the
centralized decision-making model as an example.

As shown in Equations (47) and (48), the profit of the central planner in the first period
consists of three parts. The first item and the second item are the sales revenue of the whole
supply chain. The third item is the cost of energy conservation and emission reduction for
the manufacturer. The only difference between the second period and the first period is
that in the second period, the central planner does not need to pay for energy conservation
and emission reduction, since we have assumed that energy conservation and emission
reduction is a one-time investment. Therefore, when the green degree of the first period is
the same as that of the second period, the decision functions of the central planner in the
first period and the second period are essentially consistent, which leads to the consistency
of the optimal decision in the first period and the optimal decision in the second period.

In addition, Theorem 1 shows that the manufacturer’s misreporting strategy will not
affect the optimal retail price, the optimal direct selling price and the optimal wholesale
price. This is because in decentralized decision making, the manufacturer’s misreporting
will affect the manufacturer’s actual cost, which is reflected in the manufacturer’s actual
profit function. However, in our model, to conform to their own misreporting behavior, the
manufacturer makes decisions according to the announced profit function. Since the green
degree announced by the manufacturer in the model with misreporting is (1+¢)ej;, which is
equal to the green degree e of the model without misreporting, the decision function of the
manufacturer in the model with misreporting is consistent with that of the model without
misreporting. Therefore, the manufacturer’s misreporting will not affect the optimal retail
price, the optimal direct price and the optimal wholesale price.

As shown in Theorem 1, the misreporting strategy will not affect the pricing decision
of the firm, either the manufacturer or the retailer. However, it is obvious that the manufac-
turer’s misreporting behavior will have a significant impact on the decision making on the
green degree, as shown in Theorem 2.
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Theorem 2.
Pie < Pla = Piw Py = Py < Phes t € {f,s}. (49)
ec > e > ey. (50)

From Theorem 2, several interesting conclusions can be drawn. First, the retail price in
the centralized decision-making model is lower than that in the decentralized model, no
matter whether the manufacturer misreports the green degree or not. This is consistent with
our intuition, since in the context of decentralized decision making, due to the existence of
the double marginalization effect, to obtain more profits, the manufacturer will increase the
wholesale price of the product, and the retailer will increase the retail price of the product.
This behavior leads to the decision making on the retail channel deviating from the optimal
level in the context of decentralized decision making. However, in the context of centralized
decision making, the central planner will determine a lower retail price from the overall
perspective to increase the sales of the product, which results in p5 = ph, < pb_, t € {f,s}.

Second, different from the retail price, the direct price under centralized decision
making is higher than that under decentralized decision making, which is mainly due to
the highest green degree of the product in the context of centralized decision making. As
the cost of the product increases, the central planner increases the direct selling price of
the product.

In addition, the green degree is different from the above retail price and the direct
selling price. Specifically, the green degree is affected not only by the decision-making
mode, but also by the manufacturer’s misreporting strategy. From Theorem 2, we can draw
the conclusion that the green degree is the highest under the centralized decision-making
setting, and the green degree is the lowest under the model of manufacturer’s misreporting
of the green degree. Obviously, centralized decision making improves the utilization
efficiency of resources, which is better for consumers and the environment. Therefore, the
manufacturer and the retailer should actively cooperate to bring more benefits to consumers
and the environment. Second, the manufacturer’s misreporting of the green degree will
reduce the manufacturer’s motivation of energy conservation and emission reduction and
then bring negative effects to consumers and the environment.

5.3. Comparative Analysis of Optimal Profit

To guide the decision making of each member in the supply chain, we will compare the
optimal profits of the manufacturer, the retailer and the whole supply chain under different
models. Next, we will make a comparative analysis of the profits of the manufacturer and
the retailer under different models.

Theorem 3. The manufacturer’s misreporting can bring more profits to the manufacturer, that
is, 70, 4 < 70, . However, the misreporting of the manufacturer will bring negative effects to the
retailer’s profit, that is, Ty > Ty,

As indicated in Theorem 3, misreporting can make the manufacturer more prof-
itable, since misreporting can have two effects on the manufacturer. First, misreporting
can increase the sales of products in the direct channel and the retail channel. Second,
misreporting can reduce the cost of energy conservation and emission reduction for the
manufacturer. Therefore, for the manufacturer, it is the best choice to misreport the green
degree of the product.

For the retailer, however, misreporting can mislead the retailer to order too many
products, which may not be fully sold in the second period. Therefore, the wrong green
degree information will make the retailer incur extra purchase costs, which will lead to the
reduction in the retailer profits.

Therefore, we can conclude that the manufacturer is motivated to misreport the green
degree, which is inconsistent with the interests of the retailer. That is, the retailer has the
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motivation to provide the contract to coordinate with the manufacturer to discourage them
from misreporting.

Next, we will conduct a comparative analysis of the profits of the whole supply chain
under different models, which is shown in Theorem 4.

Theorem 4. For the whole supply chain, the optimal profit under different models has the following
relationship: 713, < 7y < 7;.

From Theorem 4, some interesting conclusions can be drawn. First, the manufacturer’s
misreporting strategy will lead to a reduction in supply chain profits. The manufacturer’s
misreporting strategy will lead to information asymmetry, which further reduces the
resource utilization efficiency of the whole supply chain. Even though the manufacturer’s
misreporting strategy increases the manufacturer’s profit, it results in a larger decrease in
the retailer’s profit. As a result, profits are ultimately reduced across the supply chain.

Second, the optimal profit under centralized decision making is higher than that under
decentralized decision making, regardless of whether the manufacturer misreports the
green degree or not. This shows that no matter what strategy the manufacturer chooses, it
cannot eliminate the double marginalization effect, that is, it cannot make the whole supply
chain achieve the optimal profit.

Therefore, we can conclude that misreporting of the green degree is not a favorable
strategy in general. However, the manufacturer has the motivation to misreport the green
degree, since their profits achieve growth after misreporting. From the perspective of the
retailer, it is necessary to provide an incentive, such as a revenue-sharing contract, to urge
the manufacturer to abandon the strategy of misreporting.

5.4. Coordination of Supply Chain

In this section, to achieve the coordination of the supply chain, the retailer will provide a
“revenue-sharing contract” to stimulate the manufacturer to give up the misreporting strategy.

To achieve coordination, the retailer, as the follower, no longer decides the retail price
of the product, and the manufacturer, as the leader, makes all the decisions in the supply
chain. Then, when all the transactions are completed, the manufacturer will share the T
part of the profit with the retailer. That is, as a centralized decision maker, the manufacturer
decides the direct price, retail price and the green degree of the product, which is consistent
with the centralized decision model.

The manufacturer, as a centralized decision maker, can achieve the optimal profit of
the whole supply chain 7}, which is shown in the fourth part. Note that only when the
retailer and the manufacturer obtain at least the reservation profit in the decentralized
model without misreporting do they accept the manufacturer’s contract. Hence, we can
obtain the following constraints:

TS > Ty,
{ 1-T)ms >y, (51)

From inequality (51), we can observe that the value range of 7 is [i’if‘ , %}, that is,

Ty e -7 . . T
when —& < 1 <~ the revenue-sharing contract can realize the coordination of the
C C
whole supply chain.

6. Numerical Experiments

In this section, using numerical experiments, we provide further managerial impli-
cations to prove the Propositions given above. Given the parameters employed in these
studies, weleta = 2.5, = 0.5, 0] = 6,= 0.6 and B; = Br= 1 illustrate the conclusions in
our study. The experimental results are shown in Figures 5-9.
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From Figure 5, the following conclusions can be drawn: first, the direct price under
centralized decision making is higher than that under decentralized decision making, while
the retail price is lower than that under decentralized decision making. As for the green
degree of the product, it is obvious that the green degree of the product is the highest under
the centralized decision-making setting and is not affected by ¢é. In addition, when the
manufacturer misreports the green degree of the product, the optimal green degree is the
lowest and is significantly affected by the market share of the retail channel. Furthermore,
there is a negative relationship between the price of the direct channel and ¢, and a positive
relationship between the price of the retail channel and J.

The above numerical analysis can provide some management insights for the decision
makers of the enterprise. Obviously, under the background of decentralized decision
making, there are double marginal effects in the supply chain, which will lead to lower
resource utilization efficiency. Therefore, under the background of centralized decision
making, the green degree of the product is higher than that of the product under the
background of decentralized decision making, which is the fundamental reason why the
direct selling price of the product under centralized decision making is higher than the
direct selling price of the product under decentralized decision making. However, it
should be noted that due to the influence of the double marginal effect, the retail price of
the product under the background of decentralized decision making is higher than that
under the background of centralized decision making, even though the green degree of the
product is lower, which is harmful to consumers.

Second, the retailer and the manufacturer must pay attention to the impact of the retail
channel market share on the process of competition. Specifically, the higher the market
share of the retail channel is, the more favorable the retailer will be in the market, which
can enable the retailer to set higher retail prices and obtain higher marginal profits. In
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addition, the retailer must be cautious about the manufacturer’s misreporting behavior,
since it will not only induce the retailer to make wrong decisions, but also reduce the green
degree of the product, which will have negative effects on consumers and the environment.

In addition to the conclusions obtained in Figure 5, some other conclusions can be
drawn from Figure 6. First, there is a negative correlation between the optimal green
degree and price elasticity, which means that the manufacturer should carefully analyze
the characteristics of the product when deciding the greenness degree of the product.
Specifically, if the product is a luxury, then the manufacturer should determine a lower
degree of greenness; conversely, if the product is a necessity, the manufacturer should
determine a higher degree of greenness.

Second, when the manufacturer misreports the green degree of the product, 8, the
price elasticity of the direct channel, will have a greater impact on the green degree of
the product compared with B1, the price elasticity of the retail channel. Therefore, the
manufacturer should pay more attention to the price elasticity of products in direct sales
channels when they misreport the green degree of the product. This is because the retail
channel adopts the mode of resale, which means that even if consumers in the retail channel
perceive the real green degree of the product, it will not affect the number of orders in
the second period of the retailer. However, the consumer in the direct channel will have a
direct impact on the manufacturer’s sales.

Similarly, the elasticity coefficient of the product’s green degree has a significant
impact on the optimal green degree of the product, as shown in Proposition 4 and Figure 7.
Specifically, the more sensitive consumers are to the green degree of the product, whether
in the direct or the retail channel, the higher the green degree of the product. Thus, the
manufacturer should have a deep understanding of the market before making a decision
and try their best to meet consumers” demand for environmental protection.

Besides, similar to the conclusion in Figure 5, the green degree of the product is the
highest under the centralized decision-making setting. Moreover, when the manufacturers
misreport the green degree of the product, the elasticity coefficient of consumers in the
retail channel has almost no influence on the decision on the green degree of the product,
while the elasticity coefficient of consumers in the direct channel has a significant influence
on the decision on the green degree of the product.

As shown in Figure 8, the cost coefficient of the green degree of the product will have a
negative impact on the price and the green degree of the product. Specifically, the increase
in k will lead to the decrease in the price and the green degree of the product. Therefore, it
is advisable for company managers to combine the increase in the price of the product with
the decrease in the green degree of the product, since this will neither lead to a significant
reduction in the greenness of the product nor the profit of the enterprise.

Moreover, the cost coefficient k has a small impact on ¢}, since in this context, the
manufacturer can reduce the impact of the change of the cost coefficient k through the
false positive strategy. In other words, as the cost coefficient k increases, the manufacturer
will misreport the greenness of the product to a greater extent. Therefore, for the retailer,
when the cost coefficient k is large enough, they should pay more attention to the product
information published by the manufacturer and carefully distinguish its authenticity.

Figure 9 shows the relationship between the optimal profit of the manufacturer, the
retailer and the whole supply chain, and shows the feasible range of contract coordination.
From Figure 9, several interesting conclusions can be drawn. First, under the decentralized
decision-making setting, the manufacturer will make more profits by misreporting the
green degree of the product, while the retailer’s profits will be reduced. Second, the increase
in the manufacturer’s profit is lower than the decrease in the retailer’s profit, which leads
to the decrease in the whole supply chain profit when the manufacturer misreports the
green degree of the product. This means that the retailer must take measures to coordinate
the decision making of the supply chain and prevent the manufacturer from adopting
false-reporting strategy.
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Then, in decentralized decision making, whether the manufacturer misreports the
green degree of the product or not, there is a double marginalization effect. That is, the
supply chain obtains the highest profit against the background of centralized decision
making. Then, for member companies in the supply chain, they should actively coordinate
to obtain more profits. Finally, there is a certain interval that makes the revenue-sharing
contract effectively coordinate the decisions of the manufacturer and the retailer, so that
the manufacturer and the retailer can obtain higher profits, which is shown in Section 5.

7. Conclusions

In this paper, we consider the issue of misreporting in the supply chain with the
manufacturer selling green products through direct and retail channels. We obtained some
results that are significantly different from the existing literature. First, the manufacturer’s
misreporting strategy has no effect on product pricing decisions, either in direct or retail
channels. However, the green degree of the product will be affected by the manufacturer’s
misreporting strategy. Specifically, the manufacturer’s misreporting strategy will lead
to the reduction in the green degree of the product. Therefore, for the government and
regulatory authorities, it is necessary to strengthen the supervision of the green supply
chain, since enterprises in the green supply chain are motivated to misreport their energy
saving and emission reduction levels, which will have adverse effects on other enterprises
in the supply chain, on consumers and on the environment. A variety of measures can be
adopted to encourage enterprises in the green supply chain to give up the misreporting
strategy, such as subsidies for energy conservation and emission reduction and policies to
punish misreporting behavior.

Second, misreporting the green degree of products can bring more profits for the
manufacturer, and thus, the manufacturer has an incentive to misreport the green degree
of the product. However, for the retailer and the whole supply chain, the manufacturer’s
misreporting strategy will result in the loss of profits. Obviously, for the retailer or other
enterprises in the green supply chain, proactive measures must be taken, such as providing
coordinated contracts or adopting technical means to share information in the green supply
chain, to prevent the manufacturer from adopting the strategy of misreporting.

Besides, when certain conditions are met, the revenue-sharing contract can effectively
discourage the manufacturer from engaging in the misreporting strategy and bring positive
effects to the profits of the retailer and the whole supply chain, which provides a useful
reference for the prevention of misreporting behavior in the green supply chain.

There are several limitations to our study. Firstly, we assume that the market demand
for direct channel and retail channel is linear to the price and the green degree of the
product. However, in practice, the market demand is uncertain, and companies in the
supply chain are faced with more complex random market demand, which can be studied
as a future research topic. In future research, the case of random market demand can
be considered, which may lead to some more interesting and unexpected conclusions.
Secondly, in this study, the supply chain is composed of a manufacturer and a retailer,
which is obviously a simplified version of the actual situation. In practice, the supply chain
may be composed of multiple manufacturers and retailers, which is more complex than
the model in this paper. Therefore, more market subjects can be included into the model
in future studies, such as competing manufacturers or competing retailers, government
departments and third-party regulatory departments, which will provide more effective
guidance and reference for the prevention of misreporting.
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Appendix A

Proof of Corollary 1. Since the optimal retail price and direct price against the background
of centralized decision making are as follows:

e A{koBa + 62[(1 —0)01 — d6,] }

= (A1)
Plc 2B1(kBy — 63) — 2P262
. a{(k—k8)By — 6,[(1—5), — 66
pht — {( )B1 1[§ ) 1- 2]} (A2)
2B1 (kB2 — 65) — 2B205
Therefore, from Assumption 3, we can conclude that when 1 > kopa+(61 +]f(21)£(;; 9)61-062]

pht < pbt, vice versa. O

Proof of Proposition 1. The manufacturer’s and the retailer’s optimal profit can be ex-
pressed as follows:

ke?
n{;d = wf (6a — ﬁlp{ + 01e) + p£[(1 —0)a— ﬁng + be] — - (A3)
g = (P}~ w') (02— prp] + bre) (Ad)
Mg = W (0a = P1pi + 61¢) + p3[(1 = 0)a — Bap5 + bze] (A5)
7Tra = (p1 —w)(a = p1p] + 61¢) (A6)
Next, we will solve the optimal decision in the second period by backward induction.
2 s 2 -8
Since dd;?;d = —2B1 < 0and dd;g’gd = —2f, < 0, the optimal retail price and the

optimal direct price are shown as follows:

s adé + ey + prw’

Pa="""35 (A7)

s a—ad+ et
=— A8
P24 2‘82 ( )

Therefore, we can rewrite the manufacturer’s profit function in the second period as

. a2(1 — 8)* + 2ae(1 — 6)6, + e262 + 2Bow’ (aé + e6) — Bruw®)
md —
4B,

. o 2 . . . .
Since 87:;;"2 = —B1 < 0, m;,; is a convex function about w?®, that is, the optimal

wholesale price can be obtained through the first derivative.

7
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Therefore, by solving a;az’;"’ = 0, we can obtain the optimal wholesale price as follows:

s 10 +ebq
; 2p1

By substituting (A9) into (A7) and (A8), 7t} ; and 71y, the optimal retail price, the
optimal direct price and the optimal profits of the manufacturer and the retailer in the
second stage can be obtained as follows:

(A9)

. 3(as+eby)

P1a = T (A10)
P = ”_”;ﬁjeez (A11)
. Ba(ad + ef1)* —8?5;3[:(1 —6) +efp] (A12)
Tra = ng;fl)z (A13)

Similarly, the optimal retail price, the optimal direct price and the optimal profits of
the manufacturer and the retailer in the second stage can be obtained as follows:

f ad + 691
w, = Al4
T (A
fo_ 3(ad + eby) Al5
P1a 4‘31 ( )
f a—ad+eb
= "= Al6
P2a 2‘32 ( )
2 2
f :1 o[ e2k (ad + eby) B [a(1—5)+€92] ALY
2
s (ad+e01)
TRy = 166 (A18)
Therefore, the total profit function of the manufacturer in the two periods is
Tond = Ty + Ty
Since L7t — —f 1 fL 4 % < 0, the optimal green degree i
mnce —5* = —K+ 27 + g, < U, the optimal green degree is
2 -2
ezg _ a(6ﬁ291 + ‘3192 5‘3192) (A19)

2kB1B2 — B262 — 2B165

Substituting (A19) into (A9)-(A18), the optimal retail price and direct price can be
obtained. Thus, the conclusion of Proposition 1 is proved.

Proof of Proposition 2. If the manufacturer misreports the green degree of the product, the
manufacturer and the retailer make decisions according to the announced profit functions.
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. A2 ¥3 A2y
Since dpiléh = —2fB1 < 0 and dpggh

optimal direct price are shown as follows:

= —2f < 0, the optimal retail price and the

s ad+e(1+¢€)6y + prw’

pin = 2B (A20)
S a—ad+e(l+¢)f
Pon = 2/3(2 )62 (A21)

Therefore, we can rewrite the manufacturer’s profit function in the second period as

. a2(1— 6)% + 2ae(1 — 6) (1 + )62 + 2(1 + €)%62 + 2w’ [aé + e(1 + €)6; — Bruv’]

mh — 4,32

. R . . . .
Since -4 = —p; <0, ‘I’{nh is a convex function about w/, that is, the optimal green

degree and wholesale price can be obtained through the first derivative.
¥/

54 = 0, we can obtain the optimal wholesale price as follows:
w.

Therefore, by solving

o (0 +eby + eet
By substituting (A22) into (A20) and (A21), nf;h and nﬁh, the optimal retail price, the
optimal direct price and the optimal profits of the manufacturer in the second stage can be

obtained as follows:
s 3[ad +e(1+¢€)b]

Py = 16, (A23)
P, — a—ad —1—2;(21 +¢)6 (A24)
o %{ a6 + e(;1+ £)61]? N 2[a2(1 - 8)* + Zae(lﬁ—z )02 4 e2(1 — €2)63] L (a5)

Similarly, the optimal retail price, the optimal direct price and the optimal profits of
the manufacturer and the retailer in the first period can be obtained as follows:

r 3lad+e(1+¢e)b]

= A26
Pin 4‘[31 ( )
r_a—adb+e(l+¢)b
= A27
Pan 2ﬁ2 ( )
f_ ad+eby + eeb
W, = ——————— A28
I 26, (A28)
2 2
¥ 1 o, (a0 +e(14+€)01]" 2[a—ad+e(1+¢)bs]
o, = -{—4ek + + A29
2
fFo [ad+e(14€)6]
o = 1661 (A30)
Similar to Proposition 1, the optimal green degree is as follows:
a[0p261 +2(1 — 6)B16,] (A31)

©T T+ 0)2B1 (kB2 — 63) — Pot?]

Next, the manufacturer determines the optimal £ to maximize the total profit of the
two periods.
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Aty _ @[5B261 +2(1— 6)p162) {2k0Ba6h + B2{2k(1 — 8) (1 + ) — (1+€)61[08) — (1~ 9)éa]}}
de 2(1+€)2[B262 — B1(2kp — 263) ]2

Since the green degree of the product is greater than 0, we can conclude from Equations
(A19) and (A31) that (1 + ¢€) is greater than 0. Thus, we only need to determine the sign of
2k6B201 + 02{2k(1 —6)(1 +¢€)B1 — (1 +€)01[06, — (1 — 6)b4]}.

Whene < 21@3922 {?;]Z% [E];;;}i;i)eﬁ (;fl(?ll:?f glJf %)] s satisfied, we can conclude that 2ké B201 +
02{2k(1 —6)(14+¢€)B1 — (1 +¢€)01[06, — (1 — 6)61]} > 0, and vice versa. Therefore, we can
conclude that m,; is positively correlated with ¢ when ¢ is greater than
2k5 B2 +62[2k(1—5) B1+61 (61 —361 —56,)]

02{2k(1—6)B1+061[06,—(1-6)61]}
the optimal level of misreporting determined by the manufacturer is

, otherwise, 71, decreases with the increase in . Therefore,

o — 2k B0 + 92[2]{(1 — (5)‘31 + 61 (91 — 001 — 592)]

02{2k(1 — 6)B1 + 61[062 — (1 —6)64]} (A%2)

Substituting (A32) into (A22)-(A31), the optimal retail price and direct price can be
obtained. Thus, the conclusion of Proposition 2 is proved. O

Proof of Corollary 2. Similar to Corollary 1, Corollary 2 can be proved. [J

Proof of Proposition 3. Take the first derivative of p'*, pff, w'f, wi*, e}, e and e} with

respect to 81, and the following equations can be obtained:

dple  2a(kpy — 03){kopy + 62[(1 — 5)6: — 665}

_ <0 (A33)
dpy 1281 (kB2 — 63) — 26,63
dp}, _ _0010{kdps + 62[(1 — 6)61 — S62]} _ (A34)
dp, 2(B,62 — By (kBy — 62)]
dpl’ __ 1oa(kpy — 63)[k5P2 + 62((1 — )61 — 082]] _ (A35)
41 125262 — 4B1 (kB2 — 03)]°
dp _ _0010{kdps + 62[(1 — 6)61 — S62]} _ (A36)
dp1 [B262 — 2B (kB2 — 62)]°
dw‘/;* _ 2a(kpp — 03){kéB2 + 62[(1 — 8)61 — 66,]} <0 (A37)
a1 (2B (kp2 — 63) — 263)°
deg _ _ aPa0i{kops + 0[(1—6)61 — 305} _ (A38)
a1 [B267 — 1 (kpa — )
dey  2aPr01{kdp2 + 6>[(1 — 6)81 — 562]} <0 (A39)
apy (8263 — B1(2Kp2 — 263)]°
de; _ _a919%{k(5ﬁ2 +62[(1—-0)6; —d6-]} <0 (A40)
dps K[B262 — 21 (kB2 — 62))

Similarly, the derivatives of p*, pf}‘, w', wi*, e}, ek and e} with respect to B are also

less than 0. Thus, Proposition 3 is proved. O

Proof of Proposition 4. Since the proof process of Proposition 3 is similar to that of
Proposition 4, we omit it. [J
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*
TTRd —

o 3a%01{kopa — 02[08y — (1 5)61]} {2K6p21 — 62{01[062 — (1 6)61] — 2k(1 —0)p1}} _

Proof of Proposition 5. The proof process of Proposition 5 is similar to that of Proposition
4, so we omit it. OJ

Proof of Proposition 6. Since the proof of (41) and (42) is similar to the proof of Proposition
6, we omit it and only show the proof process of (43).

Take the first derivative of ¢} and e} with respect to J, and the following equations can

be obtained: .
dec _ LI‘B291 — Llﬁlgz
s Bi(kp2—03) — ot}
Since the denominator is greater than 0, we only need to analyze the sign of the

numerator. ;
Obviously, when 8, > 62/13 L, 4~ 0; Otherwise %? < 0. Similarly, when f; > 29515 L,

(A41)

% > (0; Otherwise de” < 0. Thus, Proposition 6 is proved. O

Proof of Proposition 7. The proof process of Proposition 7 is similar to that of Proposition
6, so we omit it. [J

Proof of Theorem 1. By comparing the optimal solutions of different models, the conclusion
of Theorem 1 can be obtained. [

Proof of Theorem 2. Through the above solution, we can obtain the following equation:

* _ a{kdBo+6:[(1-0)01—005]}  3a{kdBr+6,[(1-6)61 —06]}
Pie ™ P 281 (kB2 —63)—2p267 4B (kBo—63)—2p167
 a{kdPa+6,[(1—6)61—863]} [B1 (kB2 —63)— 25292]
2[267 —B1 (kB2—63)] (267 — 1 (2kB2—263)]

Apparently, pi¥ — pi¥ < 0, thatis, pi} < pi’; = pij.
Similarly,

(A42)

B _ a{kp1(1-0)—61[(1-5)61—065]} _ a{2kpq(1-0)—6:1[(1-6)61—d62]}
Pac = P2g 281 (kB2 —63)—2p,62 —2p,62+4p1 (kB2 —62) A43
_ ap kb (-0)0, a8 (Ad3)
2[B26%—P1 (kB2 —63)][B263—PB1(2kB2—263)]

Apparently, py: — po; > 0, that is, py; > pyy = Py,
Besides,
e* _ e* — a5ﬂ261+a(17§)ﬁ192 _ [15‘5291#»2[1(175)‘5192
¢ d B1(kB2—6%)— 162 281 (kBy—03)— P67 (A44)
_ __8p1P0i{KoBr+65[(1-0)61 =08}
[B205 —B1(kB2—03)][B267 —2B1 (kB2 —063)]

a02{2k(1-0)B1—61[(1-0)61—062]} ~ adBr01+2a(1-5)B162

kBo—63)—2kp,6% 02—2B, (kp,—62
o ey L o {j“ fm) (A45)

o 4k (kBo—03)—2kB26%

Thus, e > e} > e;. The conclusion of Theorem 2 is proved. [

* *
eg—¢, =

Proof of Theorem 3. By comparing and analyzing the optimal profits of the manufacturer
and the retailer in each model, we can obtain the following equation:

2 _ _ _ 2
;knh B 7T*d _a {2kéB2601 + 92[2]((1 5)ﬁ1 +6,(6, — 661 (592)]} <0 (A46)

8k[B262 — 281 (kpy — 62)]°

= (A47)

4K[B262 — B1(2kp2 — 263))

Thus, the conclusion of Theorem 3 is proved. U



Sustainability 2022, 14, 4957 26 of 28

Proof of Theorem 4. By comparing and analyzing the optimal profits of the supply chain
in each model, we can obtain the following equation:

a*{8k?62B367 + 2k62616,{2k(1 — 6)B1 + 761 [(1 — 6)61 — 66,] }+
9%{8k(1 — 8)B161[(1 — 8)81 — 68,] +562[(1 — )6y — 865> — 4k>(1 — 5)2/3%}}
8K (B203 + 1 (—2kp2 +263) )

Moreover, when the assumptions are satisfied in Section 3, it is easy to prove that
Equation (A49) is greater than 0, so we can draw the conclusion 7}, > 7.
Similarly,

Tlsq — Ty = (A48)

BB ) (kB + (1 0)0) — 063])
© T 0B (kBs — 62) — BaB2)BatR — B (2KkB2 — 263))

Therefore, Theorem 4 is proved. O

>0 (A49)
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