www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Dynamic optimization and
coordination of the new energy
vehicle supply chain based on
credit trading and green innovation
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This paper incorporates green innovation into a two-tier new energy vehicle supply (NEV) chain

under a dual credit policy, in which the NEV manufacturer controls the level of green innovation

and wholesale prices, and the NEV retailer controls sales prices. We analyze the pricing and green
innovation strategies of the NEV manufacturer and retailer in decentralized and integrated scenarios
by constructing differential game models. We then test the performance of the supply chain by
comparing the profit, energy efficiency levels and green innovation levels of the NEV supply chain

with those in the decentralized scenario. It is found that the profits, energy efficiency levels and green
innovation levels of the NEV supply chain in the integrated scenario are higher than those in the
decentralized scenario. Therefore, a revenue and investment sharing contract is designed to coordinate
the supply chain and several conditions are derived for the contract to be accepted by both members of
the supply chain. Numerical calculations are performed and the theoretical results and impacts of the
unit credit trading price and the percentage of units of NEV converted into credits on the supply chain
coordination are analyzed to further validate the effectiveness of the dual credit policy.

Keywords New energy vehicle supply chain, Differential game, Dual credit policy, Green innovation, Energy
efficiency level

With the significant increase in global energy consumption, worsening supply-demand mismatch, and growing
environmental concerns related to greenhouse gases, numerous governments have developed new strategies
to facilitate energy transition">. Among them, the energy transition of the automotive industry has become
an important breakthrough. Because new energy vehicles (NEVs) offer energy savings, emission reduction
and effective environmental protection, they have become the main focus of transformation and upgrading in
the global automotive industry®. However, since NEVs remain in the early stages of development, compared
to traditional fuel vehicles, NEVs have disadvantages such as slow charging time and limited cruising range.
Therefore, to promote the development of NEVs, various countries have introduced different incentive policies
and measures*’. As the world’s largest electric vehicle market, China is also constantly exploring and improving
local NEV incentive policies.

In addition to providing policies such as exemptions from purchase taxes and power battery recycling and
utilization, a series of programs promoting NEVs have been introduced. These programs include the vigorous
construction of NEV charging and swapping facility parking incentives. While these non-market-oriented
policies have stimulated the development of the NEV market, long-term fiscal pressure and excessive government
intervention have resulted in market failure. As a result, the country has been forced to change its strategy.
Therefore, in 2008, China introduced a dual credit policy to promote the sustainable development of NEVs.
The policy has played a positive role in guiding the progress of energy-saving technologies in the automotive
industry and promoting the development of the NEV industry. According to the specific provisions of dual
credit policy, NEV manufacturers generate revenue by selling new energy credits to traditional fuel vehicles. To
produce traditional fuel vehicles, traditional fuel vehicle manufacturers are required to purchase new energy
credits if they have insufficient credits or if their actual average falls short. In other words, automakers that
produce a higher number of fuel vehicles can purchase credits from automakers that produce more NEVs. This
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promotes the transition from traditional fuel vehicles to NEVs and stimulates the growth of the electric vehicle
industry.

On the one hand, faced with ever-growing environmental problems, an increasing number of consumers are
focusing on environmental protection issues. More consumers are willing to choose a greener way of traveling,
so NEV manufacturers are investing more in greening their NEVs and realizing greener NEVs. On the other
hand, as customers demand increasing diversity in NEVs, many manufacturers are forced to produce multiple
NEVs to meet the various needs of their customers. For example, BYD launched electric cars in 2008 with the
goal of reaching $404.6 billion in revenue by 2024. To achieve this goal, this year, BYD is launching two models
of the Qin PLUS Champion Edition EV with a range of 420KM, the leading and surpassing models, and two
models with a range of 510KM, the excellent and surpassing models. The two NEVs with the same range have
very little difference in model and performance, mainly in price. This creates further difficulties in managing the
manufacturer-led NEV supply chain due to the price competition from alternative NEVs.

Considering the background described above, the dual credit policy, and the green innovation efforts on two
NEVs, this paper explores the decisions made by NEV supply chain members, including the energy efficiency
level, in a dynamic setting. Furthermore, this paper aims to address the following research questions:

1. What are the optimal/equilibrium pricing and green innovation strategies in an integrated/decentralized
environment?

2. What is the impact of the trading price of credits and the rate of conversion of NEVs into credits on the sup-
ply chain and its members?

3. How can a contract be designed to achieve a perfectly coordinated decentralized supply chain?

The main contributions of this paper are as follows. First, combined with the dual credit policy, this paper studies
the long-term equilibrium strategy of producing two kinds of NEVs with the same degree of environmental
friendliness in the two-level NEV supply chain under different scenarios by using a differential game model. This
study aims to theoretically analyze the impact of sales prices and the level of green innovation on operational
decisions in three different scenarios: a decentralized scenario, an integrated scenario, and a decentralized
system with a contract. Second, the numerical example section analyzes the impact of the sales price per unit of
credit and the percentage of the unit of the NEV converted into credit on the supply chain. Finally, we propose
a revenue and cost-sharing (RC) contract to coordinate the supply chain and establish favorable conditions for
both sides of the supply chain to accept the RC contract.

The rest of the paper is organized as follows. In “Literature review” section, we briefly review the relevant
literature. “Problem and symbol description” and “Model formulation” sections construct models that give
optimal pricing and green innovation strategies in the decentralized and integrated scenarios. Strategies are
also compared for the integrated scenario and the decentralized scenario. In “Coordination with a revenue-
and cost-sharing contract” section, we design an RC contract to coordinate the NEV supply chain. “Numerical
experiments” section illustrates the theoretical results with numerical examples and further analyzes the impact
of several key parameters on the coordination of the NEV supply chain. The final section presents the conclusions
of the paper and research directions for future work.

Literature review
The literature related to the work presented in this paper has two streams: supply chain coordination for NEVs
under the dual credit policy and differential game theory.

Supply chain coordination for NEVs under policy

In recent years, many scholars have researched various aspects of NEV incentive policies. Zhang and Cai®
introduced a signal game model to analyze the equilibrium of the game between the government and NEV
enterprises under the subsidy policy, focusing on the subsidy interaction between them under different
circumstances. Yu et al.” verified that government subsidies before and government subsidies afterwards have
different impacts on NEV firms in China through panel regression model analysis of fiscal data from 2013-2017,
and gained some managerial insights. Wang et al.® explored the effects of adaptive and consistent subsidies in
terms of both supply and demand in order to satisfy the maximization of the utility of subsidy policies. Other
studies on subsidy policies can be found in Wang et al.%, Sun et al.!%, and Fan et al.!. In contrast to the above
literature, which focuses on the impact of subsidy policies on the government and NEV firms, several scholars
have examined other policies. Li and Jones'?, Abeng et al.!?, and Jiao et al.!* explored the effectiveness of policies
that limit vehicle ownership, waste battery recycling and CO2 reduction.

Faced with considerable financial pressure from the government, the subsidy policy entered the post-subsidy
era. The dual credit policy was issued by China in 2018. Using an analytical model based on game theory, Li et
al.'’ verified that the dual credit policy can significantly increase the number of NEVs and further demonstrate
that the implementation of the dual credit policy reduces the effectiveness of green subsidy policies. Li et al.'¢
analyzed the impact of production decisions in NEV supply chains and conventional vehicle supply chains under
point trading and showed that there is an optimal point trading price that makes the system most profitable.
Cheng and Fan!” established a system of fuel vehicle manufacturers and NEV manufacturers to explore the
choice of vehicle production strategies in cooperation and competition. Li et al.'® considered a monopolistic
market consisting of a firm producing fuel cars and NEVs and a NEV firm, analyzed three ways of acquiring NEV
credits, namely, self-production, purchase and hybrid strategies, and analyzed the optimal decision behavior of
the two car companies under the three strategies. Wang and Liao® studied manufacturers that produce only
fuel vehicles and those that produce both fuel vehicles and NEVs, focusing on the impact of the dual credit
policy on both vehicle manufacturers. Pu et al.! used game theory to build a supply chain model composed
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of suppliers and automobile manufacturers. On the basis of incorporating the impact of double credit policy
and vertical spillover effect, it studied how to reduce carbon emissions through vertical spillover under the goal
of profit maximization, and further explored the low-carbon strategy of automobile supply chain. Wu et al.?
built and solved the Stackelberg game model of vehicles under the dual credit policy under two scenarios of
sharing and not sharing the perceived quality information of new energy in the supply chain of NEVs (including
NEV enterprises, battery manufacturers and fuel vehicle enterprises). By analyzing the results of the model and
combining with a numerical example, this study discusses the impact of credit price and information prediction
accuracy on enterprise decision-making and profits, and puts forward management enlightenment. Ma et al.?!
discussed the impact of market uncertainty and risk attitude on NEV technology innovation under the dual
credit policy, focusing on the role of manufacturers’ demand information sharing and blockchain adoption. By
constructing a game model based on mean variance theory, the optimal strategies of four scenarios are derived
The research shows that the policy can effectively stimulate technological innovation, and the incentive effect
increases with the increase of technological innovation credit coefficient or credit price.

While the above literature concentrates on the horizontal competition and cooperation strategies of car
manufacturers under the dual credit policy, this paper considers the vertical cooperation of NEV manufacturers
and retailers under the dual credit policy, in particular the production of two models by NEV manufacturers to
meet consumers’ purchasing needs, which has rarely been studied before.

Differential game theory in a green supply chain

Differential game theory, usually used in cooperation and competition in dynamic environments, have been
widely used in the study of long-term decision making in supply chains. Recently, several research papers have
employed differential game theory to explore the impact of green innovation on green supply chain operational
decision-making. De?? verified that co-maximization incentives increase manufacturers’ investment in green
efforts. Wei et al.?® considered green innovation in Stackelberg differential game models and analyzed the
dynamic equilibrium of Cournot competition and green innovation using optimal control theory. Mohsin et al.>
modeled the green secondary supply chain differential game for green technology development. The results of
the study show that the level of the green technology and the total profit of green supply chain are higher under
centralized than under decentralized decision-making. Ma et al.?* used differential game models to analyze the
carbon reduction behavior of cold chain members and the optimal decision to invest in preservation technologies
from a long-term and dynamic perspective. Deng et al.>¢ developed a differential game model consisting of local
governments and enterprises to investigate the impacts of low-carbon innovation efforts and environmental
governance efforts on green technological innovations. Chen et al.?” developed a differential game model under
the social welfare orientation to investigate the effect of the subsidy rate on consumers” environmental awareness
using a three-tier green supply chain as the research object. Huang et al.?® built a differential game model to
explore the impact of collection channels on prices and return rates from the perspective of manufacturers,
retailers and third parties’ respective management of second-hand product collections. Zhang et al.?® developed
a dynamic differential game model to explore whether a single manufacturer and a single retailer should invest
in digital applications, and proposed an improved model to encourage manufacturers to invest in digital
technology and share information with retailers. Liu et al.*® introduced blockchain technology, took product
freshness and goodwill as state variables, and built a differential game model involving suppliers and e-commerce
platforms. The research showed that the introduction of blockchain technology would help to improve the
freshness. In order to explore the relationship between blockchain technology and the performance of low-
carbon e-commerce supply chain, Yu et al.3! proposed a dynamic game theory model. The research results show
that in the monopoly market, the introduction of blockchain technology has proved to be the best strategy to
improve the low-carbon e-commerce supply chain.

Research gap

While existing literature has explored the impact of the dual credit policy on the NEV industry, it exhibits
several limitations, thereby providing room for innovation in this study. First, regarding model construction,
most prior studies have employed static models to analyze the market for a single type of NEV'3, failing to
capture the dynamic interactions among enterprises and the heterogeneity of different NEV types. Distinct from
previous research, this paper establishes a dynamic framework under the dual credit policy that incorporates
green innovation, two categories of NEVs, and a contractual mechanism. Specifically, we adopt a differential
game model to investigate the pricing competition and green innovation level decisions of two NEV variants
within the NEV supply chain under the dual credit policy. Second, in terms of supply chain coordination, most
existing literature on coordination mechanisms® has focused on traditional supply chains, neglecting the
uniqueness and complexity of supply chain coordination under the dual pressures of the dual credit policy
and NEV competition. To address this gap, this study innovatively designs the RC contract. This contract not
only effectively coordinates supply chain profits in the traditional sense but, more crucially, can simultaneously
guide competing NEV manufacturers to elevate their green innovation levels to the system-optimal state. It
thereby resolves the insufficient incentive issue of existing contracts when coping with the“policy-competition”
environment. Finally, in terms of contract feasibility, this paper does not stop at proving the theoretical validity
of the contract, but further deduces the key parameter conditions for supply chain members to be willing to
accept the RC contract in a dynamic environment. This provides a clear theoretical basis for decision makers to
design feasible contract parameters. A summary is provided in Table 1.

Problem and symbol description
In the context of the dual credit policy, consider a supply chain composed of an NEV manufacturer and a
retailer. In order to better explore the impact of the dual credit policy on the optimal decisions of the NEV
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Researches Green innovation | Differential game | Dual-credit policy | RC contract | One/Two products
Lietal!s Vv Vv Vv - One
Wang and Liao® | - - v - Two
Mohsin etal |/ Vv - - One
Ma et al.?® - - - v One
Deng et al.?® v v - - One
Zhang et al.*? v Vv - - One
This study Vv Vv Vv Vv Two

Table 1. Comparisons of our paper and the related literature.

manufacturer and retailer, and to facilitate the initial construction of the model, the NEV manufacturer employs
the make-to-order (MTO) strategy to produce two NEVs with an equivalent level of environmental friendliness.
This approach aims to attract more consumers to choose NEVs as a mode of transportation. The manufacturer
controls the level of green innovation g(t) and the wholesale prices w;(t) (¢ = 1, 2). They also sell NEV credits
for profit. On the other hand, the retailer sets the sales prices p; (¢)(i = 1, 2) for NEVs. As consumers become
more environmentally conscious, an increasing number of people are opting for greener NEVs as a means of
transportation. As a result, the NEV manufacturer actively invests in green innovation g(f) to improve the energy
efficiency m(t) of NEVs to produce more environmentally friendly NEVs.

The continuous development of greening innovative technology has driven energy efficiency levels and the
dynamic changes better reflect this reality. However, as technology continues to evolve, so do energy efficiency
standards. This can be interpreted as a decay in the level of near greenness over time. On the other hand, as
technology continues to develop rapidly, energy efficiency standards are also increasing, making what used to be
a highly energy-efficient NEV, relative to today, an inefficient NEV. This is the decay of energy efficiency levels
over time. Energy efficiency levels are therefore not only reflected in the green innovation level but also in a
dynamic environment that declines monotonically, as evidenced by

m(t) = pg(t) — nm(t), m(0) = mo (1)

Here 11 > 0 is the NEV green innovation effectiveness parameter, representing the efficiency of promoting
energy efficiency growth through unit green innovation investment. If NEV company has advanced research
and development capabilities, mature technology platforms, efficient innovation management systems, and unit
green innovation investment can bring greater energy efficiency improvements, u > 0 will be even greater; Vice
versa. 1 > O represents the rate of decay of energy efficiency levels of NEVs over time. In the NEV industry,
with the continuous advancement of innovative technologies and the continuous improvement of industry
standards, the energy efficiency level of NEVs is gradually becoming outdated. With the improvement of energy
efficiency standards, previously considered advanced energy efficiency levels are gradually unable to meet the
new standards. m(0) = my represents the initial energy efficiency level of NEVs.

Consumer awareness of the environment influences the choice of vehicle types. Those who are more
environmentally conscious are more likely to choose NEVs that are more green and low carbon, so there is
a positive correlation between consumer demand and the level of green innovation. Following prior studies,
Bolton ang Mattila*}, and Bai et al.*, we model the market demand for NEVs in a deterministic environment as

D;(t) = i + om(t) — Bp:i(t) + yp3—i(t),i = 1,2 )

where a; > 0 represents the market volume of the NEV i(i = 1,2), ¢ > 0 represents the level of demand
expansion for greening innovations in the NEV, 3 > 0 represents the price sensitivity coefficient for the NEV, v
represents the cross-price sensitivity coeflicient. To ensure that the demand for NEVs is more sensitive to their
own prices than to competing NEV prices, it is assumed that § > 34,

The improvement of green innovative technologies for NEVs affects the stock of their energy efficiency levels,
while additional costs, such as safety and quality costs, are incurred in the production of NEVs. In other words,
the higher the level of energy efficiency of an NEV, the more technology investment is required, which in turn
has a negative impact on the unit production cost of the NEV manufacturer. For example,“China NEV industry
development report” pointed out that the production cost of NEVs equipped with modified batteries is 20%—30%
higher than that of ordinary vehicles on average; At the same time, the technology research and development of
several leading NEV enterprises (such as Tesla and BYD) showed that the research and development investment
and parts cost related to energy efficiency upgrading showed an increasing trend with the improvement of
energy efficiency. Therefore, the unit production cost function for the NEV is shown below.

Cz(t) =c; + Com(t),’i =1,2 (3)
where ¢; (i = 1, 2) is the initial unit production cost of the NEV. The parameter co represents the marginal cost

of production due to the energy efficiency level of the NEV, referred to as the operational inefficiency factor, it
indirectly reflects the complexity and technological maturity of the NEV production process. To ensure a positive
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solution, co should satisfy that 0 < co < 52 and a large value of means high inefficiency in the production
process. This linear cost function has been used by many scholars, including Zhang et al.*> and Anton et al.*>. In
particular, when co = 0, the operational inefficiency is disregarded, the unit production cost is therefore fixed.

The greenness of the NEV increases with the greening innovation technology of the NEV manufacturer, and
the greening innovation cost of the NEV is influenced by the greening innovation technology, assuming that the
green innovation cost is quadratic and the green innovation level of the NEV manufacturer is the same for two
type NEVs, ie.,

G(t) = 54°(t) (4)

k
2
In the context of the dual credit policy, every NEV produced by an NEV manufacturer is converted proportionally
to generate a certain number of NEV credits, which the government allows the NEV manufacturer to sell to
traditional fuel car companies that need the credits, and thus improve their profitability in this way. In order
to quantitatively analyze the impact of the credit trading market on the optimal decision-making of the NEV
supply chain, it is assumed that the price of an NEV unit credit is &, and 6 represents the percentage an NEV
that translates into a unit credit. To ensure positive solutions, the following condition is assumed to be satisfied:
0<c1+4c2—2h0< o‘é%f:? The variables and parameters involved in the model are defined as shown in
Table 2.

Based on the above analysis, the target profit functions for the NEV manufacturer and retailer in the context
of dual credit policy over an infinite time horizon are

2

Tap — / = et 1Y " (wilt) — e — com(t)) Di(t) — kg®(£) + > hOD;(t))dt (5)

0 i=1
Jr = /000 e*pt[Z('pi(t) — w;(t))D;(t)]dt ©

The long-term cumulative profits of the NEV manufacturer includes the profits from wholesale NEVs
(wi(t) — ¢; — com(t))D;(t), the green innovation input costs of two type NEVs kg?(t) and the profits from
selling NEV credits Z?:l hoD;(t). The long-term cumulative profit of the retailer includes the profit from the

sale of NEV (p; (t) — wi(t))Ds(t).

Model formulation

This section focuses on two sales channels for the NEV manufacturer and retailer, the decentralized channel and
the integrated channel. First, it introduces the decentralized channel in which the NEV manufacturer determines
the wholesale price and the level of green innovation of the NEV, while the NEV retailer determines the sales

Decision variables

pi(t) | Unit sales price of the NEV i at time t, ¢ = 1, 2

w;(t) | Unit wholesale price of the NEV iat time t,¢ = 1, 2

g The green innovation level of the NEV manufacturer at time ¢

State variable

m(t) ‘ The energy efficiency of NEVs at time ¢

Parameters
u The NEV green innovation effectiveness parameter
n the rate of decay of energy efficiency levels of NEV's

o; The market volume of the NEV i,4 = 1,2

© The level of demand expansion for greening innovations in the NEV

The price sensitivity coefficient for the NEV

The cross-price sensitivity coefficient

c; The initial unit production cost of the NEV, 7 = 1, 2

co The marginal cost of production due to the energy efficiency level of the NEV
k Green innovation cost coefficient

h The price of an NEV unit credit

4 The percentage an NEV that translates into a unit credit

P Discount factor

Table 2. The major parameters and notations.
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price. Then, it discusses the integrated channel in which the NEV manufacturer maximizes the benefits of the
entire NEV channel by controlling the sales price and the level of green innovation.

Decentralized scenario

In addition to the 4S store sales method, there are retailers that buy NEV's from manufacturers at low prices and
sell them to consumers, such as China Grand Automotive Services Group Co., Ltd. and Hanson Automobile
Group Co., Ltd. Assuming that the NEV manufacturer is the leader and the NEV retailer is the follower, we use
a Stackelberg game to model the relationship between the NEV manufacturer and the retailer. The sequence
of events is described as follows: The NEV manufacturer first decides the wholesale price w; (t) (¢ = 1,2) and
green innovation g (¢). Then, the NEV retailer reacts by determining its selling price p; (¢) (¢ = 1,2), using
backward induction, considering the reaction function of the NEV retailer, solving the decision problem of the
NEV retailer first and then recursively solving the decision problem of the NEV manufacturer. The dynamic
relationship Egs. (1), (5) and (6) consisting of the NEV manufacturer and retailer is described differentially as

2

Jh = / Tt ) (Wi = Ci(8) Di (t) — kg® (t) + Y hOD; (1))t

max
w1 (t),w2(t),g(t) 0 P
b o )
max Jgp = e’ i () — w; (1)) D; (t)]dt
TR = [ 0~ 0) D)

s.tan (£) = pg () —nm (£) ,m (0) = mq

where the sales price p; (t) (¢ = 1, 2), wholesale price w;(t) (¢ = 1, 2) and greening innovation level g (¢) are the
control variables and the level of energy efficiency m (t) is the state variable. Eq. (7) explores the best solution for
the NEV manufacturer and retailer in a decentralized situation.

Proposition 1 Under the decentralized channel structure, the equilibrium sales prices, wholesale prices and green
innovation are

b m) =2 tag) o2l S0k Doy, ®
o ) 200 tagn) oM 0t Doy, ©
P (m) —gortio ottt et B, (10
wy (m) =;?512+_6;2) 62_2}19 + W;((g:z)) O, (11)
and
g” (m) =57 (24vm + A3). (12)

Under the decentralized channel structure, the optimal profit for the NEV manufacturer and retailer are
expressed below.

Tar =e~" (Avm® + Asm + A3) (13)
J =e~*" (Bim® + Bom + Bs) . (14)

The optimal profitability of the NEV supply chain is expressed as follows.
JP =e " [(A1 + Bi)m® + (A2 + Ba) m + (A3 + Bs)] . (15)

E(B=v)(2n+p)—&
2p2(B—7) ’

klp— (B—7)col [, i+ (v—B) (37, ci — 2h0)]
2(pk (B —7) + &) ’
2 Az N S22 {[Bai +yas—i + (h0 — i) (B2 = %) ] o + ves—i — Bei + h (B — 7))}
Akp 8p (82 —+?) ’

where A1 =

Ag =

Az =
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B, = kle=(B=7) co)?

8¢&1 ’

B {lEa(pkB=1+&)]A =7+ B)+EB -7 p’le— (B-7) cl’} N ko — (8 —7)co) [0, i+ (v = B) (X2, e — 2h0)]
’ 81 [k (8 — ) + &2 81 [k (B — ) + &1)° ’
Bs = S {[Bai A yas—i + (B = 77) (h0 — )] [ + yes—i — Bei + ho (B — )] } N Ay Boy®

' 16p (6% —~?) 2kp

and &1 = [k (8 =) {E (5 =) @0+ p)* — 12 [0 — (8 =) o]},

Moreover, the accumulated energy efficiency level over time is

m” (t) =m2 + (mo - moDo) e @1t (16)

. &2 p2k2(B—~)? D _ ku? (B—)[e—(B—7)co) [Ef=1 ai+(7—ﬁ)(2f=1 Ci_2h9):|
where Q1 = g ETaRe—y) > 0 e = 2[e2—p2k2 (5—)7]
corresponding to the steady-state energy efficiency level.

Proof. Please see Appendix A.

Proposition 1 suggests that the sales price, wholesale price and green innovation for the NEV increase linearly
in the state variable, implying that an increase in the level of energy efficiency will lead to an increase in the sales
price, wholesale price and green innovation level. From the expressions of the optional sales and wholesale
prices, for any value of m, the energy efficiency level has a positive effect on the sales price and wholesale price
of both NEVs. The level of energy efficiency has a greater impact on sales prices than wholesale prices because

(p? (m))/ — (wiD (m)), > 0 (¢ = 1, 2). Moreover, the wholesale price of NEV i also plays a positive role in

the sales price as Egs. (10) and (11) show. From Eq.(16), there are two trends in the optimal trajectory of the
energy efficiency level of the NEV, determined by the initial and steady-state values of the energy efficiency level.
When mo > mZ, the energy efficiency level decreases over time, when mo < mZ, the energy efficiency level
increases over time, and when mo = my, the energy efficiency level is constant.

Substituting Eq. (16) into Egs.(8)-(12),we obtain the time path of the equilibrium sales prices, wholesale
prices, and green innovation.

Proposition 2 The optimal sales prices, wholesale prices and green innovation level paths for the two NEVs under
the integrated channel are given by

_3(Bar +702) + (82 —1%) (1 — W) + (B+7) Bp + (B =) co) mL

" R (17)
# BT g2
p oy 300700 + (57 =) (2 = 1) + (5+9) G+ (5 =) o) m
. 1 =) )
# B0 )
WP (1) <20t Boat (B2 77) (a = 10) + (B4 ) (o + (=) co)miz
e 2057 7 ”
by 202t Bt (B = 7) (2= 1B) 4 (B4 ) (o + (B ) eo)miz
2 - 2(52 _72) (20)
# LD i)
and
g® (t) = % (AlmoDo + %) + /L;€41 (mo — moDo) et (21)

Proof. Please see Appendix B.
Proposition 2 shows that the optimal wholesale prices, sales prices and green innovation level of two NEV's
exhibit the same monotonicity. If the initial energy efficiency level is higher than the steady-state energy efficiency
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level, i.e., mg > mfo, then the wholesale price, sales price and green innovation level monotonically decrease
and eventually stabilize. On the contrary, if mo < ms, the wholesale prices, sales prices and green innovation
levels monotonically increase and eventually stabilize.

Equations (17) and (18) show that there are two pricing approaches for the NEV retailer, i.e., skimming pricing
and penetration pricing, and the pricing model depends on the relationship between the initial energy efficiency
level and the steady-state energy efficiency level. Skimming pricing refers to a monotonically decreasing sales
price, which is represented here as mg > mZ, and penetration pricing refers to a monotonically increasing
price, i.e., mg < mODO. In addition, when the initial energy efficiency level is high, both the NEV manufacturer
and the retailer use higher prices when wholesaling and selling NEV's. However, when the initial energy efficiency
level is low, the pricing strategy shifts to using lower wholesale prices and selling NEVs.

wu? [Zle a;+(v—0) (ijl ci72h9)]

%) D
Corollary 1 When 0 < co < T we have 0 < my < SEn (A=) (1T p) 227

2[00 et =B) (Y07 ci—2no)]

Skn(B—~) (1+p)— 21292

ing strategy for any co € (0, %) , that is, the NEV manufacturer and retailer first set a higher price to sell the

i. Ifm0>¢

, the NEV manufacturer and retailer choose a skimming pric-

two NEVs and then lower the price later.

pu? [E?=1 a;+(vy—8) (Zj=1 c7;—2h9)]
8kn(B—7) (n+p)—2p 2

the strategy switches from price penetration for co € (0, éo) to pricing skimming for co € (éo, Bfﬁ), where ¢o

o’ [Zle a;+(y—8) (Zle ci72h9)]

8kn(B—7) (n+p)—2n2¢?

ii. If0<mg < , there exists Co leading to a pricing strategy shift,that is,

satisfies 0 < mg <

Corollary 1 suggests that a different co leads to different pricing strategies for the NEV manufacturer and retailer,
and that there may be a threshold ¢ that causes manufacturers and retailers to change their pricing strategies.
When the initial level of energy efficiency is large, changes in co have no effect on the pricing strategies of the
manufacturer and retailer. Both the NEV manufacturer and retailer will always use a skimming pricing strategy.
When cg is small, the NEV manufacturer and retailer will first adopt a penetration pricing strategy and then shift
to a skimming pricing strategy. This implies that the pricing strategies of the NEV manufacturer and retailer are
influenced by operational efficiency.

Integrated scenario

Under the integrated distribution model, the NEV manufacturer and the retailer collaborate to make decisions
on the sales price and green innovative technology to maximize overall profit. The dynamic optimization
problem for the integrated channel is formulated as follows.

2

max  J! = / TS (1)~ € () Di (8) — kg () + S hOD, (1))t

p1(t),p2(t),9(t) 0 p—y (22)
s.tan (t) = pg () —nm (t),m (0) = mo

where the sales price p; (¢) (¢ = 1, 2) and the green innovation level g (¢) are the control variables, and the level
of energy efficiency m (t) is the state variable. The following proposition provides the optimal solution to Eq.

(22).
Proposition 3 Under the integrated distribution model, the optimal sales prices and green innovation for the two
NEVs are
I yoag+Bar o —hO o+ (B—7)co
= + m, 23
T DR 2(8-7) 29
I you+PBaz  c2—hl o+ (B—7)co
m) = + + m, 24
P2 =5 5oy 2(8-7) 24
and
I _ M
g (m) =5 2Mim + Moa). (25)
The optimal profit for a two-level NEV supply chain is expressed as follows.
Jh=e P (Mim? + Mym + Ms) . (26)

where M; = k(QnZ‘p)fg:J;_&,
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klo+ (v=B8)eol [0, i + (v = B) (X7, ci — 2h0)]

Mo =
’ pk(B—7)+& '
M — 12 My? N S (Bai+yas—i+ (h0 — i) (8% —4%)) (ci + yes—i — Bei + hO (B — 7))
°T Tk 4p (82 —~?) ’

and & = \/k B=7{kB=7)2n+p)*—2p2[p—(B—7) e}
Moreover, the accumulated energy efficiency level over time is

m' (t) =m'w + (mo - mloo) e~ 92t (27)

2 p2k2(B—)? 1 R (B=le—(B—)co] [Z; a;+(v=8) (23:1 Ci*Qhe)]
Q2 = 2K(B—7)[E2 +oR(B—)] ~ 0, mie= £22-p2k2(8-7)?
referring to the steady-state energy efficiency level.

Proof. Please see Appendix C.

Proposition 3 shows that the results in the integrated scenario are similar in nature to those in the decentralized
scenario. The sales price and green innovation level of the two NEVs are linearly increasing in the state variable,
implying that when the energy efficiency level of the NEVs increases, the decision-maker will increase the sales
price and green innovation level of the NEVs to meet consumer preferences.

where

Proposition 4 The optimal sales prices and green innovation paths for the two NEVs under the integrated scenario
are given by

_yon+ o+ (82 —97) (er = hO) + (B+7) (¢ + (B — 1) co) mas

pi (1) T ) (28)
+ BT (g —ml) ©9)
L 21 + Bon + (8% —77) (1 — h8) + (B+7) (¢ + (B — ) co) m&s
b2 B 2 (52 - 72) (30)
+ EL D (g —mL) e,
and
g (1) :% (Mlmloo + %) + M]\jl (mo - mIoo> e 92t (31)

Proof. Please see Appendix D.

Similar to the decentralized scenario, Proposition 4 illustrates that the sales prices of the two NEVs are related
to mg and méo. When mo > méo, the sales price of the two NEVs decreases monotonically and eventually
reaches a steady state, and vice versa. The above results show that when the initial energy efficiency level is large
enough, the NEV company attempts to sell both vehicles at a higher price and thus earn higher profits. Over
time, the energy efficiency level decreases, eventually forcing the NEV companies to reduce the sales price and
vice versa.

Proposition 5 Restricting the sales price and green innovation path of the two NEVs over time, we can obtain the
steady state of the sales price and green innovation, respectively.

i. The stable state of the sales price of NEV 1 is

Y(az —ve1) + B (ar+Ber) h0 o+ (B—7)co 1
2(52 - ) T2t TRy e (2

I
Ploc =

which is a supermodular function in (6, j1);

ii. The stable state of the sales price of NEV 2 is

1yl —yc2)+B(ae+PBe2) hO o+ (B—7)co 1
Proc = 2(8% —~?) 2t T2y G
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which is a supermodular function in (6, p1);

iii. The stable state of green innovation in NEVs is

M.
9 = T (Mlm o+ —2) (34)

which is a supermodular function in (h, k).

Proof. Please see Appendix E.

The results of Proposition 5 demonstrate a steady state of the sales price and green innovation for the two
NEVs in the integrated scenario. In the long run, their trajectories change from trending to constant values,
which enables NEV retailers to align their operational behaviors in the initial phase.

e [ 307 at-m) (30 e —zhe)]

Corollary 2 When 0 < co < 4,“7(@ N EP) —21252

,wehave0<m <

/3

ou? [Zle a;+(v—B) (Z?=1 c,i—QhG):I

4kn(B—7)(n+p)—2u2p2

i Ifmg > , the NEV retailer chooses a skimming pricing strategy for any

co € (0 —) that is, the NEV retailer first sets a higher price to sell the two NEVs and then lowers the price

B
pu? [Ej;l a;+(y—8) (Zf=1 ci—QhB)]

4kn(B—7)(n+p)—2u2¢?
the strategy switches from price penetration for co € (0, éo) to pricing skimming for co € (éo, ﬁ), where ¢o

op? [Ef=1 a;+(vy—=8) (Zle c,¢72h9)]

4kn(B—~)(n+p)—2n2p2

later.

ii. If0<mg < , there exists Co leading to a pricing strategy shift,that is,

satisfies 0 < mg <

Corollary 2 is similar to Corollary 1 in that a different co will lead to different pricing strategies for retailers of
NEVs, and there is likely to be a threshold ¢y that will cause retailers to change their pricing strategies. When
the initial energy efficiency level is large, the change in co has no effect on the retailer’s pricing strategy and
the retailer will always adopt a skimming pricing strategy. When ¢o is small, the NEV retailer will first adopt a
penetration pricing strategy and then shift to a skimming pricing strategy.

Result comparison
In this section, we compare the steady-state sales price, green innovation, energy efficiency level and channel
margins of the two NEVs in both the decentralized and integrated scenarios.

Corollary 3 The key parameters 1, co and @ of the decentralized and integrated scenarios p; (t), g (t) and m (t)
are compared.

Bpf hang2020subsidyzhang2020subsidy D

. i Dm

i e >0,6“>0, Bu >0,9H>0 aml 0,
.. Op Dpf ag amP Bm

ii. aco C < 0, * Beg <0,% 860 <0, 55 <0, %o <0and

873 c’?p, agl Bm am
ii. i 07 Bw > 0, ' B > 0, d > 0.

Proof. Please see Appendix E

Corollary 3 shows that the steady-state sales price, green innovation and energy efficiency levels of the two
NEVs increase with increasing 1 and ¢ and decrease with decreasing co. The results indicate that the larger
1 is, the greater the manufacturer’s green investment in the NEV, which in turn leads to increasing greening
innovations, subsequently increasing levels of energy efficiency and sales prices. As energy efficiency levels and
sales prices increase, the increased sensitivity of energy efficiency to demand stimulates the growth of green
innovation. However, the operational inefficiency coefficient co has a negative impact on the optimal solution
for NEVs in both decentralized and integrated scenarios, suggesting that higher operational inefficiencies create
barriers to green investment, ultimately leading to lower levels of energy efficiency and lower sales prices.

Corollary 4 The steady-state sales price under the decentralized and integrated settings are related as follows:

i If C1—02>3(a§f_$2>, Pho > phas if 01—6223(?7;72), Pise = DPioos if 61—62<3(a[317+_,;!2),

D D
Ploo < P2oo- I 7
ii. IfCl c2 > ,3+’Y > ploo > p2oo) chl —C2 = 0%132 > Ploc = P20cos Uccl c2 < B+7 :ploo < p2c>o

Proof. Please see Appendix G.
Corollary 4 compares the sales prices of two NEVs in the decentralized and integrated scenarios. Let

A = =772 Tt can be shown that the difference in the sales prices of the two NEVs is related to the difference

+7
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in their initial costs and A. When ¢1 — c2 > 3A in the decentralized scenario, the sales price of NEV 1 is higher
than that of NEV 2 and when ¢1 — c2 > A in the integrated scenario, vice versa.

Corollary 5 The steady-state green innovation, energy eﬂ‘iczency levels and channel groﬁtabllzty relationships for
the NEVs in the decentralized and integrated settings are: g2 < gL, mB <ml,J

Proof. Please see Appendix H.

Corollary 5 demonstrates that the integrated channel yields a higher steady-state level of green innovation,
energy efficiency level, and channel profitability for NEVs compared to the decentralized channel. This suggests
that the centralized scenario is more favorable for promoting the green innovation level of NEVs. The above
phenomenon occurs because the objective of maximizing the benefits of individual NEV supply chain members
differs from the objective of maximizing the benefits of the entire supply chain. In other words, there is a dual
marginal effect in the decentralized scenario.

Coordination with a revenue- and cost-sharing contract

In the RC contract, as the leader, the NEV manufacturer charges a lower wholesale price of w; (t) (i = 1, 2) to
the retailer and allocates a fraction § (0 < § < 1) of the investment in green innovation technology and the
proceeds from the sale of the credits. In exchange, the retailer of the NEV gives the manufacturer (1 — 0) of the
total revenue generated from the sales of the two NEVs in return. The profit functions for the NEV manufacturer
and retailer are as follows:

max
wi(t),w2(t),9(t)

I = / e wt) — Cil) + (L= 8)pu()Dil) — K1~ 8)g*(0) + (1~ 8) S hOD(1)t

-2 2 (35)
max  JEC = / ' (6p: (1) — i (1) Di (1) — kog® (1) + 8> hoD; (D]t
JO P

p1(),p2(t) py

st () = pg (t) —nm (t),m (0) = mo
Solving Eq. (35) using the coordination conditions of the RC contract leads to the following conclusions.

Proposmon 6 The decentmlzzed supply cham of the NEV can be coordinated through RC contracts
when m=¢ (t) =m! (t) and pf© (t) = p! (t) (i = 1,2). Moreover, the sales price of another NEV is

pRG ) =pl () (i=1, 2),andthewholesulepricesofthetwoNEVsarewZRC (t)y=2¢ (ci + com’ (t)) (1=1,2).

Proof. Please see Appendix I.

Proposition 6 suggests that the NEV manufacturer, as the leader, should set the wholesale price of both NEV's
below the corresponding unit subscription cost to incentivize the NEV retailer to fulfill the RC contract, and
the manufacturer should implement its own optimal operational decision, which is consistent with the optimal
operational decision in the integrated scenario. Under the stated assumptions, the decentralized NEV supply
chain is coordinated through the RC contract. In addition, we obtain the following results.

Proposition 7 For a decentralized NEV supply chain with the RC contract, the following holds.

D D
i. The NEV manufacturer and retailer accept the RCcontract if and only zfj—’} <6<1— %
ii. JEC 4+ JEC = J" and mR (1) = m! (2).

Proof. Please see Appendix J.

Proposition 7(i) represents the feasible range of contract scores ¢ for each member of the NEV chain to accept
the RC contract. The existence of this feasible range implies that the contract can produce a win-win outcome.
Proposition 7(ii) demonstrates that the optimal system profit and efficiency level for an integrated system are the
same as for a decentralized model with the RC contract.

Numerical experiments

To enhance the comprehensibility of the aforementioned theoretical results, we perform a numerical analysis in
this section. The purpose of this analysis is to examine the influence of various key parameters on the sales price,
energy efficiency level, trajectory of green innovation, and system effectiveness of the two NEVs. The goal is to
obtain valuable insights for managers.

In light of Li et al.!%, Li et al.!® and Cheng et al.*® on the research on parameter settings related to the
effectiveness of the dual credit policy, and Yang et al.*” on the research on green innovation, the initial values
of the parameters are set as follows: a1 =20, a2 =18 p=1,8=2,y=1L,u=1,n1n=0.5,¢c1 =1,¢c2 = 2,
co=05k=2,p=0.1,h=5,0=0.2and mo = 15.

The NEV supply chain is coordinated through RC contracts. Using the numerical example above, whent = 0,
we observe that the profits of the NEV retailers under the RC contract are higher than in the decentralized case
when 9 is greater than or equal to 0.25. When 4 is less than or equal to 0.50, the profits of the NEV manufacturer
under the RC contract will be higher than those under the decentralized scenario. When § lies within the range
[0.25, 0.50], both the NEV manufacturer and the retailer accept the RC contract. The detailed calculation to
determine the range of § is shown in Fig. 1. In addition, the same level of profit and energy efficiency for the NEV
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(a) Optimal trajectory energy efficiency level

(b) Optimal trajectory green innovation level

Fig. 2. Optimal trajectory energy efficiency level and green innovation level.

supply chain and the integration supply chain under the RC contract means that the decentralized supply chain
is perfectly coordinated through the RC contract.

Effects of time t

Next, we examined the trajectory of the energy efficiency level and green innovation level of NEV's over time.
Figure 2 shows that the optimal energy efficiency level m (t) and the green innovation level g (¢) of the NEV
tend to be stable as ¢ tends to infinity (the unit of  is one month). Figure 2a shows that the final stability value
is the same under the integrated scenario, the decentralized scenario and the RC contract, r%gardless of the
initial energy efficiency level, and that the following condition holds: m™° (t) = m” (t) > t). Similarly,
the change in g (¢) also has this characteristic, as shown in Fig. 2b. Figure 2a and b are monotomc as shown
in Proposmon 1, and their monotonicity is related to mo and Meo. When mo > m! s (mo > mP o or
mo > m% oo) monotonically decreases with time ¢, and when mg < m! o (mo < mP o or mo < m®¢ 00)
monotonically increases with time .

Selecting mo = 15 and using the parameter values given in the above example, we plot the image of the sales
price, market demand and profit of the NEV for the decentralized scenario, the integrated scenario and the RC
contract decentralized scenario.

Figure 3 shows the comparison of market demand, price and profit of NEV supply chain under three
scenarios. Figure3a shows that the sales price of NEVs under integrated decision making is always lower than
the sales price of NEVs in decentralized scenario, while Fig. 3b and ¢ show that the market demand and profit
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Fig. 3. Comparison of market demand, prices and profits in the NEV supply chain under three scenarios.
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(a) Effects of # and @ on the energy efficiency level (b) Effects of 4 and 6 on the green innovation

Fig. 4. Effects of h and 0 on the energy efficiency level and green innovation.

of NEVs under integrated scenario is always higher than the market demand and profit under the decentralized
scenario. In the decentralized scenario, NEV1, NEV2, their respective market demand and overall NEV supply
chain profit are 20.59, 20.31, 2.746, 4.866 and 478,400, respectively, while in the integrated scenario, NEV1I,
NEV2, their respective market demand and overall NEV supply chain profit are 18.02, 18.19, 9.548, 10.78 and
638,100. This result indicates that when the NEV manufacturer and retailer cooperate, the sales prices of the
two NEVs are reduced by 12.48% and 10.44%, respectively, which in turn increases the number of consumers
by 247.70% and 121.54%, and the NEV supply chain profit by 33.38%. This result means that the partnership
between the NEV manufacturer and retailer will lead to more consumers and higher profits.

Figure 3a—c show that the same sales price, the same market demand and the same total system profit are
achieved under the RC contract, indicating that under the above assumptions, the RC contract achieves perfect
coordination of the NEV supply chain and higher profits and higher levels of green innovation are achieved
through the RC contract. This means that the decision-making of each subject of the supply chain under the
RC contract is highly collaborative, eliminating the loss of efficiency caused by decentralized decision-making,
thus promoting a higher level of green innovation and higher supply chain profits, reflecting the advantages
of the RC contract in optimizing the operation of the supply chain and promoting green development. Figure
3c further shows that the RC contract makes the sum of the profits of the NEV manufacturer and supplier in
the decentralized scenario equal to the total profits in the integrated scenario, and that the RC contract makes
the profits of the NEV manufacturers and retailers in the decentralized scenario consistently higher than the
profits of the NEV manufacturer and retailer in the decentralized scenario. This illustrates the extent to which
the RC contract increases the economic benefits of the members of the NEV supply chain. In other words, the
supply chain as a whole has reached equilibrium, but the distribution of profits in each link of the supply chain
is different. The manufacturer’s profit increase is slow, but relying on the negotiated supply chain can achieve
more stable sales and long-term technology iteration space. Retailers have more power to expand the market
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Fig. 5. Effects of h and 0 for the NEV manufacturer, retailer and system profits under three scenarios.

and optimize services due to the rapid profit increase, and ultimately promote the sustainable development of
the entire NEV industry.

Effects of 6 and h

Figure 4a and b examine the impact of the price per unit of NEV credit & and the proportion of the NEV
converted into credits per unit  on the energy efficiency level m (t) and green innovation technology g (¢) of
the NEV under three different scenarios. To make this comparison more obvious, we use t = 4 as an example
for our analysis.

Figure 4a shows that the energy efficiency level m (t) of the NEV increases with the increase of the price per
unit of the NEV credits  and the proportion of units of the NEV converted into credits 6. The energy efficiency
level under RC contract coordination is the same as that under the integrated scenario, and the energy efficiency
level under the integrated scenario is always higher than that under the decentralized scenario. The green
innovation technology g (¢) of the NEV increases with the increase in the price per unit of NEV credit 4 and the
ratio of conversion into credit per unit of NEV 6. The green innovation technology in the integrated scenario is
always higher than that in the decentralized scenario, and the RC contract largely improves the green innovation
technology of the NEVs, as shown in Fig. 4b. This demonstrates that increasing the price and conversion ratio
of the NEV credits per unit in the NEV supply chain is beneficial to the level of green and innovative technology
and energy efficiency of the NEV, thus making consumers more inclined to buy them. The improvement of
energy efficiency and the progress of green innovation can directly reduce the use cost of NEV and improve
the competitiveness of NEV. The manufacturer’ green innovation and energy efficiency improvement due to
the incentive of the dual credit policy will be transmitted to all links of the supply chain. The retailer will also
be easier to expand the market due to NEV’s green environmental protection, and ultimately promote the rapid
development of the entire NEV supply chain.

Figure 5 investigates the impact of the unit price of NEV credits / and the percentage of conversion of NEV
into credits 6 on the supply chain and members of the NEV catalogue under three different scenarios. Figure 5
shows that the NEV supply chain and members increase with the increase in the unit price of NEV credits & and
the percentage of conversion of the NEV into credits 6 under the integrated scenario, the decentralized scenario
or RC contract coordination, which can promote the development of the NEV supply chain. This shows that
the unit price of NEV credits h and the percentage of conversion of NEV into credits 6, as important policy and
market regulation tools, have a significant positive effect on NEV supply chain and its members. Similarly, it is
of great practical significance to reasonably set the trading price of credits to stimulate the development of NEV
supply chain industry.

Conclusions and managerial insights

In this study, we examine a secondary supply chain that includes a single NEV manufacturer and a single
retailer. The focus is on the dual credit policy, where the NEV manufacturer sells two NEVs to the retailer. The
manufacturer aims to enhance energy efficiency by investing in green innovation technology. The objective
is to analyze the decision-making behavior of the NEV supply chain members regarding green innovation
cooperation and determine the optimal approach. By comparing the profitability and level of green innovation in
the NEV supply chain with those in an integrated scenario, the RC contract is proposed as a means to coordinate
the NEV supply chain and achieve perfect coordination conditions for NEVs. Finally, the aforementioned theory
is validated through numerical analysis, and the analysis also examines the influence of various key parameters
on supply chain coordination.
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Conclusions

The main conclusions of this research are as follows. (i) The dual credit policy can effectively increase the
profitability of the supply chain and its members. The policy can effectively promote the green innovation level
of the NEV supply chain; (ii) Under the integrated scenario, NEV's exhibit a higher steady-state green innovation
level, energy efficiency and channel profitability than the decentralized scenario; and (iii) When condition
WO (t) =6 (ci +com’ (t)) (i = 1,2) is met, the RC contract allows for perfect coordination of the NEV

supply chain. Moreover, under the above assumptions, when the RC contract achieves perfect coordination,
a range of contract parameters can be obtained; (iv) Under RC contract coordination, an increase in the price
per unit of the NEV credits and the proportion of NEV converted to credits per unit will lead to an increase in
green innovative technologies and an increase in supply chain and member profits; and (v) The pricing strategy
of NEVs is closely related to the initial energy efficiency level. In other words, when the initial energy efficiency
level is large, the NEV supply chain adopts a skimming pricing strategy and vice versa.

Managerial insights

Some managerial implications are provided for NEV chain members and governments to improve the long-term
performance of the NEV chain. The implications are as follows. (i)NEV enterprises should actively comply with
the double integral policy, improve the supply chain and their own performance with the help of the policy, and
increase green innovation investment to promote the development of enterprises in green technology research
and development, production process improvement and other aspects; (ii)NEV enterprises should strive to build
or participate in an integrated supply chain scenario. Under the integrated mode, NEV can achieve a higher
level of green innovation, energy efficiency and profit, which helps enterprises to occupy advantages in long-
term development and achieve sustainable development; (iii)In the actual operation process, enterprises should
formulate appropriate RC contract terms according to the satisfaction conditions of the RC contract and the
range of relevant parameters, so as to optimize the cooperation of each link of the supply chain and improve the
overall operation efficiency and efliciency.

Limitations and prospects

This study has several limitations, which can provide further development direction for subsequent research.
First, the model is based on the monopoly market structure, without considering the competitive behavior of
other NEV supply chains, and the competitive environment may have an important impact on the optimal
pricing and green innovation strategy. Secondly, assuming that the demand is a deterministic linear function, it
fails to capture the uncertainty of market demand and consumer preferences, and the stochastic factors in reality
may significantly change the decision-making effect. In addition, this study assumes that the green innovation
efficiency of the two models is the same, without considering the heterogeneity between models (such as the
difference in technical basis and cost structure). In the future, the green innovation investment brought by the
difference of models can be taken as the key direction of follow-up research. Finally, the model assumes that
green innovation investment can always bring positive returns, ignoring the law of diminishing marginal returns
and the constraints that may be brought by technological limits. Subsequent studies can more comprehensively
describe the relationship between green innovation investment and performance. These limitations provide
valuable directions for future research.

Data availability
The data presented in this study are available on request from the corresponding author. The data are not publicly
available due to the need for further research.
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