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Abstract: It is vital to promote and optimize the technological innovation efficiency of new
energy vehicle (NEV) enterprises for the green transformation of China’s automobile industry.
However, China’s NEV enterprises still have problems such as insufficient research of technology
and unreasonable innovative resource allocation. To improve the technological innovation efficiency
of China’s NEV enterprises, the NEVs’ technological innovation process is divided into two stages:
the research and development (R&D) stage and the achievement transformation stage in this research.
Combining Tobit regression with data envelopment analysis (DEA), an evaluation framework of
technological innovation efficiency of the NEV enterprises is constructed. Then, the innovation
efficiency of 23 NEV listed enterprises from 2013 to 2018 is analyzed. The result reveals three findings.
First, the overall technological innovation efficiency of NEV enterprises is low. Second, enterprises’
R&D efficiency is generally higher than the achievement transformation efficiency. Third, according to
two-stage efficiency, 23 NEV enterprises are divided into four categories. For different types of
enterprises, targeted guidance to improve innovation efficiency is proposed. This research provides a
theoretical and practical basis for improving the innovation efficiency of NEV enterprises.

Keywords: new energy vehicles (NEVs); technological innovation; efficiency evaluation;
DEA-Tobit model

1. Introduction

The new energy vehicle (NEV) industry has a significant strategic position in China [1]. It is
regarded as an emerging industry in the 13th Five-Year National Strategic Emerging Industry
Development Plan launched by the Chinese government. Therefore, it is of great importance to
promote the rapid growth of NEVs, strengthen technological innovation, and form internationally
competitive NEV enterprises. In 2019, the sales volume of NEVs exceeded 1.2 million vehicles in
China [2]. With the world’s largest NEV market, complete industrial supporting system, and policy
supporting system, a number of enterprises with international competitiveness have grown up [3].
In the long run, the NEV industry has a good scale benefit advantage and development environment
in China.

In the past few years, the technical strength of NEVs continues to improve with the rapid growth of
China’s investment in R&D of NEVs [4]. To enhance the technical level and maintain the standardized
development of NEV enterprises, the central government has issued a number of industrial promotion
policies [5]. The technical standards of NEV have been clearly put forward in the Catalogue of
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Recommended Models for the Promotion and Application of NEVs launched by the Ministry of
Industry and Information Technology in 2016, including energy consumption, driving mileage,
battery safety, etc. Subsidy standards are determined according to the technical parameter level of
corresponding types of NEVs. Therefore, the recommended catalogue policy effectively combines
the subsidies of NEVs with technical standards, and improves the entry threshold of NEVs. To get
government subsidies, NEV enterprises must have high technical levels and continuously innovate [6].

Despite the strong policy support, China’s battery, motor, measurement, and control technical
levels of NEV are still far from the world levels [7]. The NEV industry is a complex industry with
wide coverage and large differences between enterprises. Usually, it has a large investment scale,
high R&D costs, high consumption of various resources, fierce market competition, strong liquidity,
and shrinking profit space. At present, technology innovation of NEVs in China still faces many
problems, such as unreasonable allocation of innovation resources, low efficiency of technological
innovation, and unbalanced development, which seriously affect the healthy development of the NEV
industry [8]. In this respect, it is an important problem that China’s NEV enterprises need to solve
right now; they must determine how to make scientific and rational use of human, financial, material,
capital, and other resources with the least input to obtain the maximum benefit and rise against the
competition [9].

Therefore, improving the supply quality of innovative resources and optimizing the allocation of
resources have become effective approaches to promote the innovation efficiency of NEVs and achieve
coordinated development, which can better enable NEV enterprises to make efficient technological
innovation decisions according to their own operating conditions and status in the competition [10].
Previous research mainly regards the technological innovation process as a black box of single-stage
input and output. In fact, a more accurate and comprehensive evaluation of innovation efficiency can be
obtained by dividing the innovation process of NEVs into multiple stages [11]. It is of great importance
to give targeted guidance to improve the innovation efficiency of NEV enterprises by discussing the
resource allocation structure in different stages of technological innovation [12]. However, there is
little research on breaking the single-stage black box of NEV innovation and discussing the innovation
efficiency from a multi-stage perspective. In this regard, the major contributions of this paper are
presented as below.

The technological innovation process of NEVs is divided into the R&D stage and achievement
transformation stage.

• Based on a data envelopment analysis (DEA)–Tobit model, an evaluation framework of
technological innovation efficiency of NEV enterprises is constructed.

• The two stages’ technological innovation efficiencies of 23 NEV listed enterprises from 2013 to
2018 are evaluated from the static and dynamic perspectives. Additionally, the factors affecting
the efficiency of NEV enterprises are analyzed.

• According to the two-stage innovation efficiency, the 23 NEV enterprises are divided into four
categories. For different types of enterprises, targeted guidance to improve the innovation
efficiency and reallocate the innovative resources is proposed.

The remaining structure of this research is arranged as follows: a literature review related to the
technological innovation efficiency of NEV enterprises is presented in Section 2; Section 3 introduces
the DEA–Tobit model; Section 4 empirically evaluates and analyzes the 23 NEV listed enterprises’
innovation efficiency; discussion is conducted in Section 5; finally, Section 6 presents the conclusions.

2. Literature Review

2.1. Technological Innovation

Technological innovation involves a complete course from the idea of producing new products to
the completion of application, which includes a series of activities such as the emergence of new ideas,
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research and development, commercial production, and diffusion [13]. Its essence is a combination of
technology and economy [14].

2.2. Technological Innovation Efficiency

Innovation efficiency is the conversion efficiency between innovation input and output,
which reflects whether resources are effectively allocated and the innovation ability of enterprises,
so as to maximize output with the same input [15]. At present, there are many methods related
to innovation efficiency—data envelopment analysis (DEA) is one of them used for technological
innovation efficiency evaluation [16].

DEA is a nonparametric and mathematical programming approach proposed by Charnes et al. [17]
to analyze the relative efficiency of a decision-making unit based on multiple sets of input and output
data. Now, DEA is commonly applied to efficiency measurement [18]. Chen et al. [19] applied DEA to
analyze high-tech industry innovation efficiency of 28 provinces, and found that the overall efficiency
was low and the low rate of resource utilization is the main reason. Lin et al. [20] applied DEA window
analysis to measure 28 manufacturing industries’ green innovation efficiency. The findings show that
the overall efficiency in the manufacturing industry is very low, and there is a catch-up effect among
28 manufacturing industries. Wang et al. [10] evaluated Chinese provinces’ and cities’ innovation
efficiency from 2000 to 2016 by using the DEA method. The result reveals that innovation efficiency in
the eastern areas is generally higher.

The research mentioned above regards the innovation process as a “single stage”. However,
single-stage DEA cannot evaluate the internal mechanism of innovation processes and cannot accurately
reflect the relationship between internal operating systems and innovation efficiency, which makes
the internal mechanism a black box [21]. In fact, the innovation process should be decomposed
into the upstream innovation stage and the downstream economic transformation stage [22,23].
Decomposing the innovation process into two or more stages can evaluate the innovation efficiency
more practically and accurately. Therefore, some scholars started to apply a two-stage DEA model
instead of a single-stage model. Wang et al. [24] employed a standard DEA model to each stage of
two-stage DEA (independent two-stage DEA) and analyzed the efficiency of 22 banks. Chen et al. [25]
considered the interactions between two stages and constructed a two-stage DEA model that involves a
value-chain model (connected two-stage DEA model). Kao et al. [26] developed a relational two-stage
DEA that considered the mathematical link between overall efficiency and each stage’s efficiency on
the basis of a weighted average. It can be seen from previous research that a two-stage DEA has
further developed.

Compared with single-stage DEA, two-stage DEA provides internal information. The advantage
of two-stage DEA has been proven by many previous research papers. Wang et al. [27] divided
new energy companies’ innovation processes into the R&D and marketing stage, and analyzed 38
companies’ innovation efficiency from 2009 to 2013 by a non-radial DEA method. Wang et al. [28]
divided the high-tech industries’ innovation process into an R&D and economic transformation stage,
and evaluated the innovation efficiency with a two-stage DEA model. Targeted guidance for different
industries is also proposed. Lin et al. [20] separated the green technology innovation process into
multiple stages and applied an SBM-DEA (Slacks-Based Measure of Efficiency in Data Envelopment
Analysis) model to evaluate high-tech industry innovation efficiency in China. According to the
specific situation of different regions, Liu et al. also proposed corresponding policy suggestions for
the different regions. The structure of a two-stage DEA model is also further developed, which now
has many structures such as shared input [29], intermediate input [30], and intermediate output [31].
These DEA models further enrich the two-stage DEA model and open the black box of DEA compared
with the single-stage DEA.
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2.3. Technological Innovation Efficiency of NEVs

As a new industry with fierce competition, the NEV industry is an exploration of the
automobile industry’s green transformation and has gradually become an important content of
technological innovation [32]. However, China’s NEV technology innovation still faces many problems,
for example, unreasonable allocation of innovation resources, low efficiency of technological innovation,
and unbalanced development. These problems seriously affect the healthy development of the NEV
industry [33].

At present, research on NEVs mainly focuses on the innovation ecosystem [34–36] and the effect
of policy subsidies on the NEV industry [37–39], while research on NEV enterprises’ innovation
efficiency evaluation is still rare. Lu et al. [40] applied a SOCPR-DEA (second-order cone based robust
data envelopment analysis) model to analyze 13 NEV enterprises’ R&D efficiency. Although this
research studies NEV enterprises’ R&D efficiency, it did not measure the efficiency of the economic
transformation stage (the stage after R&D stage). Hence, this research fails to analyze NEV enterprises’
overall innovation efficiency. Li and Liu [41] proposed an improved general combined-oriented CCR
(DEA model under constant returns to scale) model to analyze 20 Chinese NEV enterprises’ innovation
efficiency from 2015 to 2016. It is found that most NEV enterprises have low technical efficiency,
and the efficiency of state-owned enterprises is relatively higher than that of private enterprises.
Although this study evaluates the overall innovation efficiency of NEV enterprises, it still applied
the single-stage DEA model. Compared with the multi-stage model, the single-stage ignores the
internal mechanism of innovation systems, which leads to lower accuracy and comprehensiveness in
evaluating innovation efficiency.

2.4. Summary

In can be seen from the literature review that research on NEV enterprises’ innovation efficiency
evaluation is still rare. Some existing research only analyzes the innovation efficiency in the stage
of R&D, while others regard the whole innovation process as a single stage and only evaluate the
overall efficiency. Previous research on NEVs’ innovation efficiency evaluation rarely considers the
innovation process as multi-stage. However, the process of technological innovation should be divided
into interrelated subsystems. It is of great importance to evaluate the interaction process of innovation
elements in each subsystem and the efficiency of each subsystem according to the input–output
relationship [42]. Obviously, analyzing the initial input and final output directly, without considering
the intermediate process and ignoring the internal R&D structure of technological innovation will cause
the “black box” problem. The research on innovation efficiency should break the black box restriction,
consider the internal operation mechanism of technological innovation activities, and evaluate the
innovation efficiency more comprehensively [43]. In addition, dividing the innovation process into
multiple stages can better reflect the influence of each stage on the overall efficiency, and, thus, come up
with a more rational resource allocation scheme and more targeted guidance to improve the innovation
efficiency [44].

Therefore, this research first divides NEVs’ innovation process into R&D and achievement
transformation stages. Second, based on the DEA–Tobit model, an evaluation framework of NEV
enterprises’ technological innovation efficiency is constructed and two stages’ innovation efficiency
is obtained. Finally, according to two stages’ efficiency, 23 NEV enterprises are divided into four
categories. For different types of enterprises, targeted guidance to improve innovation efficiency
is proposed.

3. Materials and Methods

3.1. Two-Stage Technological Innovation Process Framework of NEVs

Technological innovation is a complex dynamic process. Firstly, R&D innovation resources are
transformed into R&D innovation results through technological R&D activities. Then, R&D innovation
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results are put into production together with other non-R&D innovation resources. Finally, new products
are produced [27]. Based on the related research [28], NEVs’ innovation process is broken down
into an R&D stage and an achievement transformation stage (see Figure 1). The R&D efficiency
(i.e., the efficiency of the R&D stage) is the proportion of R&D output over input, which reflects
the ability of NEV enterprises to convert R&D innovation resources into R&D output (e.g., patents),
while the achievement transformation efficiency (i.e., the efficiency of achievement transformation stage)
is the ratio of achievement transformation output to the sum of R&D output, non-R&D investment,
and the rest investment, which reflects the ability of NEV enterprises to transform innovative resources
(e.g., patents, technical assets, and non-R&D investment) into economic output (e.g., income and profit).
Considering NEV enterprises’ technological innovation process as a whole, the overall technological
innovation efficiency is the proportion of total innovative output to total innovative input.

Figure 1. New energy vehicle (NEV) enterprises’ two-stage innovation process framework.

According to the CCR model (DEA model under constant returns to scale) and BCC model
(DEA model under variable returns to scale) of the DEA method, combined with relevant literature [28]
and the characteristics of NEV enterprises’ technological innovation process, this paper divides the
NEVs’ technological innovation process into the R&D stage and the achievement transformation
stage, so as to construct the evaluation framework of technological innovation efficiency of the NEV
enterprises. To study the technological innovation efficiency of NEV enterprises, it is crucial to select
the two-stage input–output index scientifically and reasonably. The input–output index is selected
according to the principles of scientificity, rationality, and operability (see Figure 1).

For the first stage of two-stage DEA, human capital investment and material capital investment
are the basic elements of innovation. Thus, based on the availability and accuracy of data, total assets,
R&D expenditure, the number of R&D personnel are selected as the input index of R&D stage, in which
total assets and R&D expenditure are selected to reflect material capital investment, and the number
of R&D personnel are selected to reflect human capital investment. As for the output index of the
R&D stage, the achievements and benefits of technological innovation are the focus of consideration.
In the R&D stage, the emergence of new technology is an important manifestation of technological
innovation, thus, the number of patents and technology assets rate is chosen as the output index of the
R&D stage.

For the second stage of two-stage DEA, the R&D output of the previous stage, the non-R&D
input, and the new product development cost are all important input indexes of the achievement
transformation stage to promote the transformation of achievements. Select the number of patents
and technical asset rate of the R&D output as the DEA input index of achievement transformation
stage. At the same time, the total number of employees is also selected as the DEA input index of
achievement transformation stage to reflect the non-R&D input and the new product development cost.
The output index of the achievement transformation stage represents the economic benefits generated
by R&D innovation, mainly refers to the benefits brought to enterprises and society, and is also the
ultimate embodiment of technological innovation. Therefore, operating income and net profit are
selected as the DEA output index of the achievement transformation stage.

For the intermediate stage of two-stage DEA from the R&D stage to the achievement transformation
stage, the number of patents and technological assets rate are both the R&D output and the achievement
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transformation input, because the authors consider the influence of patents and technological assets on
the allocation of two-stage innovation resources. The total number of employees is an intermediate
input, which is also selected as the achievement transformation input to reflect the non-R&D input.

3.2. The Efficiency Evaluation Model

In this research, the CCR model [17] and the BCC model [45] are applied to evaluate the innovation
efficiency of NEV enterprises.

3.2.1. CCR Model

The CCR model comprehensively evaluates the scale effectiveness and technical effectiveness
of a decision-making unit (DMU) under the term of constant returns to scale (CRSs), and obtains
comprehensive technical efficiency (crste). To judge a DMU’s efficiency is to calculate whether it can
fall on the production frontier of the production possible set. Assume that there are n NEV enterprises,
and they are regarded as DMU to analyze the innovation efficiency. A DMU is expressed by DMU j
( j = 1, 2, 3, . . . , n), and each DMU has m inputs (representing the resource consumption) and s outputs
(representing the achievement after resource consumption). The value of the input index xi, output index
yr corresponding to the jth DMU is xi j (i = 1, 2, . . . , m, xi j > 0) and yrj (r = 1, 2, . . . , s, yrj > 0)
respectively. vi is a measure of the ith input (weight coefficient). ur is a measure of the rth output

(weight coefficient). Let the input, output, and two weight vector be X j =
(
x1 j, x2 j, . . . , xmj

)T
,

Y j =
(
y1 j, y2 j, . . . , ysj

)T
, v = (v1, v2, . . . , vm)

T, u = (u1, u2, . . . , us)
T respectively.

The efficiency h j of DMU j can be calculated as follows.

h j =
uTY j

vTX j
=

∑n
r = 1 uryrj∑m
i = 1 vixi j

(h j ≤ 1) (1)

The CCR model is a fractional programming. In order to solve the calculation difficulties
and facilitate discussion, the relaxation variables s− (input redundancy), s+ (output insufficiency),
and Archimedes infinitesimal ε are introduced using linear programming and duality theory, and the
following equivalent linear programming can be obtained.

min[θ− ε(êTs− +
(
eTs+

)
]s.t.


∑n

j = 1 X jλ j + s− = θX0∑n
j = 1 Y jλ j − s+ = Y0

λ j ≥ 0, j = 1, 2, 3, . . . , n
s+ ≥ 0, s− ≥ 0

(2)

where θ is the efficiency evaluation value and λ is a vector parameter. Let λ0, s−0, s+0, θ0 be the optimal
solution of the above programming, and the following conclusions can be obtained.

If θ0 < 1, then DMU j0 is not effective, the technical efficiency and scale efficiency of economic
activities are not optimal.

If θ0 = 1, but at least one of s−, s+ , 0, then DMU j0 is weakly effective, and the optimal technical
and scale efficiency is not achieved simultaneously. To achieve comprehensive efficiency, input can be
reduced under the condition of constant output, or output can be increased under the condition of
constant input.

If θ0 = 1, and s−, s+ = 0, then DMU j0 is effective, and the optimal technical efficiency and
optimal scale efficiency are achieved simultaneously. The input resources are fully utilized, and the
output is maximized.
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3.2.2. BCC Model

The BCC model measures a DMU’s efficiency under the condition of variable returns to scale (VRSs),
and obtains pure technical efficiency (vrste) and scale efficiency respectively (scale). Compared with

the CCR model, the BCC model adds
n∑

j = 1
λ j = 1 to the constraint condition (represents VRS).

The conclusion of the BCC model is similar to that of the CCR model mentioned above. The relationship
between CCR and BCC model is crste = vrste× scale.

3.3. Dynamic Efficiency Analysis Model

The Malmquist productivity index (MPI) [46] is applied to measure NEV enterprises’ dynamic
technological innovation efficiency. The Malmquist total factor productivity (TFP) can be described
as follows.

Mt
(
xt, yt, xt+1, yt+1

)
=

Dt
C

(
xt+1, yt+1

)
Dt

C(x
t, yt)

·

Dt+1
C

(
xt+1, yt+1

)
Dt+1

C (xt, yt)


1
2

(3)

where, Dt
C

(
xt, yt

)
and Dt+1

C

(
xt+1, yt+1

)
stands for the distance function under CRSs in period t and

period t + 1. Dt
C

(
xt+1, yt+1

)
and Dt+1

C

(
xt, yt

)
represent the difference of producer input in the mixing

period compared with the production front.
TFP can be further divided into technical efficiency (E f f ech) and technical progress (Techch).

Hence, the above equation can be expressed as follows.

Mt
(
xt, yt, xt+1, yt+1

)
=

Dt+1
C

(
xt+1, yt+1

)
Dt+1

C (xt, yt)
·

Dt
C

(
xt+1, yt+1

)
Dt

C(x
t, yt)

·

Dt+1
C

(
xt+1, yt+1

)
Dt+1

C (xt, yt)


1
2

= E f f ech·Techch (4)

Thus, the following equation can be obtained.

E f f ech =
Dt+1

C

(
xt+1, yt+1

)
Dt+1

C (xt, yt)
, Techch =

Dt
C

(
xt+1, yt+1

)
Dt

C(x
t, yt)

·

Dt+1
C

(
xt+1, yt+1

)
Dt+1

C (xt, yt)


1
2

(5)

E f f ech = 1, > 1, < 1 indicates the technical efficiency is unchanged, improved, and declined
respectively. Similarly,Techch = 1, > 1, < 1 indicates the technical progress is unchanged, improved,
and declined respectively. E f f ech is furtherly broken down into pure technical efficiency (Pech) and
scale efficiency (Sech), and Equation (4) can be expressed as follows.

Mt
(
xt, yt, xt+1, yt+1

)
=

Dt+1
V (xt+1,yt+1)

Dt
V(x

t,yt)
·

[
Dt+1

C (xt+1,yt+1)
Dt

C(x
t+1,yt+1)

·
Dt

V(xt,yt)
Dt+1

V (xt+1,yt+1)

]
·[

Dt
C(xt,yt)

Dt+1
C (xt,yt)

·
Dt

C(xt+1,yt+1)
Dt+1

C (xt+1,yt+1)

] 1
2

= Pech·Sech·Techch
(6)

where, Dt
V

(
xt, yt

)
and Dt+1

V

(
xt+1, yt+1

)
represents the distance function under VRSs at period t and

period t + 1, and Pech =
Dt+1

V (xt+1,yt+1)
Dt

V(x
t,yt)

, Sech =

[
Dt+1

C (xt+1,yt+1)
Dt

C(x
t+1,yt+1)

·
Dt

V(xt,yt)
Dt+1

V (xt+1,yt+1)

]
.

Comparing Equation (4) with Equation (6), it can easily obtain E f f ch = Pech·Sech. The numerical
analysis of Pech and Sech is similar to E f f ech and Techch.
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3.4. Tobit Regression Model

Tobit regression [47] is applied to evaluate the influencing factors that affected the technological
innovation efficiency of NEV enterprises. Tobit regression can be expressed by the following equation.

Y∗i =

{
α+ βXi + ε Y∗i > 0

0 Y∗i ≤ 0
(7)

where Xi, Y∗i , β, α, ε represent the independent variable vector, the observed dependent variable,
the correlation coefficient vector, the intercept term vector, and the random error term, respectively.

In this research, NEV enterprises’ technological innovation efficiency is measured by CCR and
BCC models, and the selected impacting factors are taken as explanatory variables for regression.
With analyzation, the influence direction and intensity of explanatory variables on each efficiency
value can be obtained.

4. Empirical Results and Analyzation

4.1. Dataset and Variables

The DEA model and Malmquist productivity index are applied to analyze NEV enterprises’
technological innovation efficiency. We selected 23 new energy vehicle listed enterprises in China as
samples. These 23 listed enterprises are the most representative NEV enterprises in China, and have
contributed the most authorized products in the NEV market. As described in Section 3, the two-stage
DEA input–output index was selected.

As described in detail in Section 3, the input–output index of two-stage DEA was selected.
The specific input–output index and descriptive statistics are shown in Table 1. All data come from the
BvD (Bureau van Dijk) database.

Table 1. Two-stage data envelopment analysis (DEA) index.

Stage Index Type Index Average Standard
Deviation

Minimum
Value

Maximum
Value

R&D stage
Input index

Total assets 609.598 1206.784 8.375 7827.698
R&D expenditure 1594.994 2369.090 4.472 15,921.937
Number of R&D

personnel 4385.942 6902.336 175.000 31,090.000

Output index Number of patents 571.043 743.270 2.000 4035.000
Technical asset rate 5.656 3.769 1.124 22.079

Achievement
transformation

stage

Input index

Total number of
employees 32,829.000 4317.258 614.000 220,152.000

Number of patents 571.043 743.270 2.000 4035.000
Technical asset rate 5.656 3.769 1.124 22.079

Output index Operating income 592.311 1478.607 3.438 8876.262
Net profit 3582.438 8765.345 1.000 48,404.663

Note: the unit of total assets and operating income is one hundred million yuan. The unit of R&D expenditure and
net profit is one million yuan.

In this paper, data from 23 of China’s NEV listed enterprises from the BvD database during the
six years from 2013 to 2018 were selected. The CCR model and BCC model were adopted and DEAP
2.1 software was used for calculation of NEV enterprise’ innovation efficiency. For each stage of the
two-stage DEA, the data of input–output index were applied in DEAP 2.1 software with different models
to obtain the various innovation efficiency of the R&D stage and achievement transformation stage.
Especially, for the second stage of two-stage DEA, the data of the R&D stage output index (the number
of patents and technological assets rate) and the data of the intermediate input index (total number of
employees) were the data of achievement transformation stage input index. As negative values cannot
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appear in a DEA index, the negative samples were eliminated. The specific results and evaluation of
R&D efficiency and achievement transformation efficiency are presented below.

4.2. DEA Static Analysis

4.2.1. Pure Technical Efficiency

Enterprises’ production efficiency influenced by management and technology is expressed by
Pure technical efficiency (Pech). Pech = 1 indicates that the DMU is effective. Based on the sample
data of 23 NEV enterprises, 23 NEV listed enterprises’ pure technical efficiency in the R&D stage and
achievement transformation stage was obtained, see Table 2 (due to limited space, the name of the
enterprises are abbreviated).

Table 2. Two-stage DEA pure technical efficiency of NEV listed enterprises in 2013–2018.

NEV Listed
Enterprises

(DMU)

R&D Efficiency Achievement Transformation Efficiency

2013 2014 2015 2016 2017 2018 Mean 2013 2014 2015 2016 2017 2018 Mean

Aotexun 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
BYD 1.000 0.342 1.000 0.390 0.160 0.178 0.512 0.180 0.169 0.156 0.196 0.208 0.283 0.199
DONGFENG 0.368 0.322 0.328 0.428 0.492 0.439 0.396 0.868 0.582 0.833 0.775 0.915 0.986 0.827
Futon 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.300 0.303 0.310 0.367 0.374 0.573 0.371
GAC 0.260 0.267 0.380 0.300 0.230 0.251 0.281 0.446 0.318 0.314 0.449 0.774 0.508 0.468
FAW 0.262 0.147 0.385 0.408 0.452 0.725 0.397 0.349 0.380 0.449 0.508 1.000 0.789 0.579
JAC 0.182 0.239 0.791 1.000 1.000 1.000 0.702 0.684 0.478 0.482 0.494 0.398 0.468 0.501
JIANGTE 1.000 1.000 1.000 1.000 0.942 0.857 0.967 1.000 0.891 1.000 0.620 0.908 0.598 0.836
KING LONG 0.183 0.156 0.209 0.199 0.289 0.206 0.207 1.000 1.000 1.000 1.000 1.000 0.904 0.984
LIFAN 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.600 0.555 0.676 0.679 0.461 0.531 0.584
NINGBO
YUNSHENG 0.906 1.000 0.779 0.880 0.709 0.660 0.822 0.994 0.770 1.000 1.000 1.000 1.000 0.961

SHANSHAN 1.000 1.000 1.000 1.000 1.000 0.828 0.971 0.767 1.000 1.000 1.000 1.000 1.000 0.961
SAIC 0.113 0.112 1.000 0.173 0.118 0.138 0.276 1.000 1.000 1.000 1.000 1.000 1.000 1.000
SG 1.000 1.000 0.587 1.000 1.000 1.000 0.931 0.510 1.000 1.000 1.000 1.000 1.000 0.918
WANXIANG
QIANCHAO 0.390 0.339 0.324 0.424 0.406 0.431 0.386 1.000 1.000 1.000 1.000 0.832 1.000 0.972

WEICHAI 0.272 0.348 1.000 1.000 1.000 1.000 0.770 0.637 0.361 0.445 0.561 0.862 1.000 0.644
WOLONG 0.562 0.552 0.691 0.550 0.609 0.678 0.607 0.502 0.321 0.377 0.371 0.318 0.346 0.373
FAW 0.299 0.316 0.372 0.472 0.397 0.286 0.357 1.000 1.000 1.000 1.000 1.000 1.000 1.000
YUTONG 0.381 0.320 0.558 0.282 0.414 0.435 0.398 0.811 0.752 0.875 0.872 0.733 0.676 0.787
CHANGAN 0.369 0.289 0.370 0.300 0.218 0.262 0.301 0.628 0.882 1.000 0.964 0.719 0.485 0.780
GREAT WALL 0.854 0.407 0.408 0.269 0.170 0.218 0.388 0.554 0.462 0.523 0.602 0.425 0.540 0.518
ZHONGTONG 0.554 0.641 0.587 0.549 0.564 0.410 0.551 0.488 0.513 0.813 0.839 0.740 0.784 0.696
ZOTYE 0.522 0.607 1.000 1.000 1.000 1.000 0.855 1.000 0.755 0.678 0.628 0.449 0.379 0.648
Mean value 0.586 0.539 0.686 0.636 0.616 0.609 0.612 0.710 0.674 0.736 0.736 0.744 0.733 0.722

DMU—decision-making unit.

It can be seen from Table 2 that during the six years from 2013 to 2018, the average value of
pure technical efficiency of 23 NEV listed enterprises increased from 0.586 to 0.612 in the R&D stage,
the average value increased from 0.710 to 0.722 in the achievement transformation stage.

4.2.2. Scale Efficiency

Scale efficiency (Sech) reflects the deficiency between an enterprise’s optimal production scale and
the actual production scale. Sech = 1 indicates that the DMU is effective. Based on the sample data
of 23 NEV enterprises, 23 NEV listed enterprises’ scale efficiency in the R&D stage and achievement
transformation stage are obtained, see Table 3.
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Table 3. Two-stage DEA scale efficiency of NEV listed enterprises in 2013–2018

NEV Listed
Enterprises

(DMU)

R&D Efficiency Achievement Transformation Efficiency

2013 2014 2015 2016 2017 2018 Mean 2013 2014 2015 2016 2017 2018 Mean

Aotexun 0.973 0.799 1.000 1.000 1.000 1.000 0.962 0.309 0.401 0.107 0.111 0.112 0.238 0.213
BYD 0.445 0.995 0.300 0.710 0.999 1.000 0.742 0.470 0.443 0.804 0.653 0.648 0.536 0.592
DONGFENG 0.711 0.602 0.615 0.570 0.648 0.692 0.640 0.534 0.647 0.482 0.506 0.826 0.757 0.625
Futon 1.000 1.000 0.872 1.000 0.877 0.970 0.953 0.914 0.855 0.926 0.945 0.946 0.998 0.931
GAC 0.987 0.967 0.781 0.945 0.988 0.978 0.941 0.604 0.798 0.773 0.956 0.996 0.999 0.854
FAW 0.998 0.954 0.631 0.713 0.643 0.737 0.779 0.822 0.750 0.745 0.805 1.000 0.995 0.853
JAC 0.993 0.975 0.798 1.000 1.000 1.000 0.961 0.742 0.799 0.869 0.850 0.855 0.986 0.850
JIANGTE 1.000 1.000 1.000 1.000 0.914 0.863 0.963 0.182 0.130 0.245 0.350 0.527 0.473 0.318
KING LONG 0.641 0.188 0.461 0.636 0.562 0.927 0.569 0.385 1.000 0.762 0.730 0.310 0.349 0.589
LIFAN 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.433 0.555 0.432 0.373 0.548 0.707 0.508
NINGBO
YUNSHENG 0.869 0.871 0.974 0.590 0.552 0.479 0.723 0.492 0.357 0.485 1.000 0.541 0.776 0.609

SHANSHAN 0.720 1.000 1.000 0.877 1.000 0.533 0.855 0.141 0.592 1.000 0.659 0.874 1.000 0.711
SAIC 0.922 0.975 0.153 0.993 0.990 0.860 0.816 1.000 1.000 1.000 1.000 1.000 1.000 1.000
SG 0.605 0.584 0.945 1.000 1.000 1.000 0.856 0.350 0.572 0.774 0.288 1.000 1.000 0.664
WANXIANG
QIANCHAO 0.948 0.736 0.838 0.761 0.660 0.828 0.795 0.223 0.289 0.320 0.329 0.439 0.385 0.331

WEICHAI 0.934 0.887 0.326 0.366 0.236 0.236 0.498 0.595 0.982 0.966 0.973 0.987 1.000 0.917
WOLONG 0.945 0.970 0.737 0.979 0.929 0.923 0.914 0.388 0.523 0.410 0.389 0.571 0.638 0.487
FAW 0.459 0.582 0.487 0.555 0.530 0.573 0.531 1.000 1.000 1.000 1.000 1.000 1.000 1.000
YUTONG 0.980 0.974 0.864 0.949 0.951 0.970 0.948 0.801 0.936 0.995 0.988 0.958 0.942 0.937
CHANGAN 0.951 0.996 0.771 0.999 0.963 0.999 0.947 0.729 0.987 1.000 0.997 0.983 0.929 0.938
GREAT WALL 0.689 0.999 0.651 0.885 0.986 0.997 0.868 0.935 0.965 0.893 0.948 0.726 0.719 0.864
ZHONGTONG 0.985 0.831 0.755 0.661 0.682 0.857 0.795 0.485 0.705 0.459 0.693 0.437 0.492 0.545
ZOTYE 0.276 0.579 1.000 1.000 0.354 0.433 0.607 0.092 0.116 0.186 0.141 0.865 0.910 0.385
Mean value 0.827 0.846 0.737 0.834 0.803 0.820 0.811 0.549 0.670 0.680 0.682 0.746 0.775 0.684

According to Table 3, the scale efficiency of the R&D stage of new energy vehicle enterprises is
generally higher than that in the achievement transformation stage. According to the specific situation
of each enterprise, the scale efficiency of enterprises is quite different between the two stages.

4.2.3. Technical Efficiency

Technical efficiency is a criterion thoroughly analyzing enterprises’ resource allocation ability,
resource use efficiency, and other capabilities. Technical efficiency reaching 1 indicates the DMU is
effective. In the DEA method, technical efficiency value equals to Pech·Sech, which indicates that only
when both Pech and Sech reach optimal efficiency can the technical efficiency be effective. Based on the
sample data of 23 NEV enterprises, 23 NEV listed enterprises’ technical efficiency in the R&D stage
and achievement transformation stage are obtained, see Table 4.

It can be seen from Table 4 that during the six years from 2013 to 2018, the two stages’ technical
efficiency of 23 NEV enterprises are quite different.

4.2.4. Overall Analysis of Innovation Efficiency

According to Table 5, the effective proportion in 2006′s R&D stage is the highest, and the number of
effective enterprises in the R&D stage is generally greater than that in the achievement transformation
stage. To observe the data characteristics more intuitively, see the effectiveness situation of 23 NEV
enterprises’ technical efficiency in Figure 2. According to Figure 2, the number of effective enterprises
in the R&D stage is obviously rising first and then falling, while the number of effective enterprises
in the achievement transformation stage is generally rising. On the whole, there are more effective
enterprises in the R&D stage.
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Table 4. Two-stage DEA technical efficiency of NEV listed enterprises in 2013–2018.

NEV Listed
Enterprises

(DMU)

R&D Efficiency Achievement Transformation Efficiency

2013 2014 2015 2016 2017 2018 Mean 2013 2014 2015 2016 2017 2018 Mean

Aotexun 0.973 0.799 1.000 1.000 1.000 1.000 0.962 0.309 0.401 0.107 0.111 0.112 0.238 0.213
BYD 0.445 0.340 0.300 0.277 0.160 0.178 0.283 0.085 0.175 0.330 0.358 0.455 0.612 0.336
DONGFENG 0.262 0.194 0.202 0.244 0.319 0.304 0.254 0.463 0.376 0.402 0.392 0.756 0.746 0.523
Futon 1.000 1.000 0.872 1.000 0.877 0.970 0.953 0.274 0.259 0.287 0.346 0.353 0.572 0.349
GAC 0.257 0.258 0.296 0.284 0.227 0.246 0.261 0.269 0.254 0.243 0.429 0.771 0.507 0.412
FAW 0.261 0.140 0.243 0.291 0.291 0.535 0.294 0.286 0.285 0.334 0.409 1.000 0.785 0.517
JAC 0.181 0.233 0.631 1.000 1.000 1.000 0.674 0.508 0.382 0.419 0.420 0.340 0.462 0.422
JIANGTE 1.000 1.000 1.000 1.000 0.861 0.740 0.934 0.182 0.116 0.245 0.217 0.479 0.283 0.254
KING LONG 0.117 0.029 0.096 0.127 0.162 0.191 0.120 0.385 1.000 0.762 0.730 0.310 0.315 0.584
LIFAN 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.260 0.308 0.292 0.253 0.252 0.376 0.290
NINGBO
YUNSHENG 0.787 0.871 0.759 0.519 0.391 0.316 0.607 0.489 0.275 0.485 1.000 0.541 0.776 0.594

SHANSHAN 0.720 1.000 1.000 0.877 1.000 0.441 0.840 0.108 0.592 1.000 0.659 0.874 1.000 0.706
SAIC 0.104 0.109 0.153 0.172 0.117 0.119 0.129 1.000 1.000 1.000 1.000 1.000 1.000 1.000
SG 0.605 0.584 0.555 1.000 1.000 1.000 0.791 0.178 0.572 0.774 0.288 1.000 1.000 0.635
WANXIANG
QIANCHAO 0.370 0.249 0.272 0.322 0.268 0.356 0.306 0.223 0.289 0.320 0.329 0.365 0.385 0.319

WEICHAI 0.254 0.308 0.326 0.366 0.236 0.236 0.288 0.379 0.354 0.430 0.546 0.850 1.000 0.593
WOLONG 0.531 0.535 0.510 0.539 0.566 0.625 0.551 0.195 0.168 0.155 0.144 0.182 0.221 0.178
FAW 0.137 0.184 0.181 0.262 0.211 0.164 0.190 1.000 1.000 1.000 1.000 1.000 1.000 1.000
YUTONG 0.373 0.311 0.482 0.267 0.394 0.422 0.375 0.650 0.704 0.871 0.862 0.702 0.637 0.738
CHANGAN 0.351 0.288 0.285 0.299 0.210 0.262 0.283 0.458 0.871 1.000 0.961 0.707 0.451 0.741
GREAT WALL 0.588 0.406 0.265 0.238 0.168 0.217 0.314 0.518 0.446 0.467 0.570 0.309 0.388 0.450
ZHONGTONG 0.546 0.533 0.443 0.363 0.385 0.351 0.437 0.237 0.362 0.373 0.582 0.323 0.385 0.377
ZOTYE 0.144 0.351 1.000 1.000 0.354 0.433 0.547 0.092 0.088 0.126 0.089 0.388 0.345 0.188
Mean value 0.479 0.466 0.516 0.541 0.487 0.483 0.495 0.372 0.442 0.488 0.498 0.554 0.554 0.554

Table 5. 23 NEV enterprises’ technical efficiency effective proportion of two-stage DEA.

Year
R&D Stage Achievement Transformation Stage

Effective Ineffective Effective Proportion (%) Effective Ineffective Effective Proportion (%)

2013 3 20 13.04 2 21 8.70
2014 4 19 17.39 3 20 13.04
2015 5 18 21.74 4 19 17.39
2016 7 16 30.43 3 20 13.04
2017 5 18 21.74 4 19 17.39
2018 4 19 17.39 5 18 21.74

Figure 2. 23 NEV enterprises’ technical efficiency effectiveness of two-stage DEA.

On the basis of the above three efficiency evaluation, the authors analyzed the effectiveness of 23
NEV enterprises’ technical efficiency in each year. The number of effective enterprises, the number of
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ineffective enterprises, and the effective proportion of 23 NEV enterprises’ technical efficiency are listed
in Table 6. The 23 NEV enterprises’ average technical efficiency of two-stage DEA is listed in Table 6.

Table 6. 23 NEV enterprises’ average technical efficiency of two-stage DEA.

Year 2013 2014 2015 2016 2017 2018 Average Efficiency

R&D stage 0.479 0.466 0.516 0.541 0.487 0.483 0.495
Achievement transformation stage 0.372 0.442 0.488 0.498 0.554 0.566 0.487

According to Figure 2, the number of effective enterprises in the R&D stage is obviously rising
first and then falling, while the number of effective enterprises in the achievement transformation
stage is generally rising. On the whole, there are more effective enterprises in the R&D stage.

According to Table 6, numerically, 23 NEV enterprises’ average technical efficiency in both stages
is low, fluctuating between 0.3 and 0.6. The difference between the two stages is not very obvious.
In order to further observe the data characteristics, see the 23 NEV enterprises’ average technical
efficiency of two-stage DEA in Figure 3. According to Figure 3, before 2016, the average technical
efficiency in the R&D stage was markedly greater than that in the achievement transformation stage.
After 2016, the technical efficiency in the achievement transformation stage was significantly improved,
surpassing the R&D stage.

Figure 3. 23 NEV enterprises’ average technical efficiency of two-stage DEA.

4.3. Dynamic Efficiency Evaluation

In order to obtain the dynamic characteristics of 23 NEV listed enterprises’ technical efficiency from
2013 to 2018, the MPI is applied to evaluate the panel data of samples. The changes and decomposition
(Effech, Techch, Pech, Sech) of total factor productivity (TFP) in the six years from 2013 to 2018 are
obtained, as shown in Table 7.

According to Table 7, in the R&D stage, the TFP of NEV enterprises is 0.921 from 2013 to 2018,
which is not high. The pure technical efficiency is 1.079, indicating that the pure technical efficiency
increases by 7.9% annually on average. The scale efficiency is the lowest, only 0.903, which shows
that NEV enterprises have higher pure technical efficiency than the scale efficiency in the R&D stage,
and the main reason for poorer total factor productivity is low scale efficiency.

From 2013 to 2018, Effech, Techch, Pech, and Sech are all greater than 1 in the achievement
transformation stage, indicating that TFP is on the rise as a whole. The average year on year growth
rate of Effech, Techch, Pech, Sech, and TFP is 5.1%, 5.7%, 1.6%, 3.5%, and 11.1%, respectively. It can
also be deduced from Table 7 that NEV enterprises have higher Effech and Sech in the achievement
transformation stage, thus, NEV enterprises have higher TFP in the achievement transformation stage.
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Table 7. Changes and decomposition of total factor productivity (TFP) in two stages from 2013 to 2018.

Technological Innovation Stages Period Effech Techch Pech Sech TFP

R&D stage

2013–2014 0.553 1.643 0.58 0.954 0.909
2014–2015 1.747 0.572 1.873 0.933 1
2015–2016 1.292 0.531 1.349 0.957 0.686
2016–2017 1.173 0.795 1.038 1.13 0.932
2017–2018 0.599 1.9 0.962 0.622 1.138
2013–2018 0.974 0.945 1.079 0.903 0.921

Achievement transformation stage

2013–2014 1.357 1.055 1.078 1.259 1.432
2014–2015 0.957 1.137 0.925 1.035 1.088
2015–2016 0.828 2.5 1.029 0.805 2.07
2016–2017 0.972 0.703 0.919 1.057 0.684
2017–2018 1.227 0.626 1.145 1.072 0.768
2013–2018 1.051 1.057 1.016 1.035 1.111

4.4. The Result of the Tobit Model

Tobit regression is adopted to evaluate the influencing factors that affected NEV enterprises’
technological innovation efficiency. As the DEA calculation results are truncated discrete distribution
values between 0 and 1, if the ordinary least square method is applied to directly estimate the model,
the parameter estimation values will be biased and inconsistent. Therefore, this paper adopted the
Tobit regression of maximum likelihood estimation (ML) and established the Tobit regression model of
NEV enterprises’ technological innovation efficiency as follows.

TEi,t = β0 + β1H10i,t + β2TTCi,t + β3Subsidyi,t + β4Asseti,t + β5Agei,t + β6Roai,t + β5Aeci,t + εi,t (8)

where, β0 is the intercept term of the model; β1, β2, β3, β4, and β5 are the regression coefficients
of the explanatory variables. i stands for the NEV enterprise i (i = 1, 2 . . . 20), t stands for time
(t = 2013, 2014, 2015, 2016, 2017, 2018), ε is a random error term. TEi,t is the technical efficiency of NEV
enterprise i in year t, and it is an explanatory variable. TE1

i,t and TE2
i,t represent the technical efficiency

in the R&D and the achievement transformation stages, respectively. Due to the great differences
among explanatory variables, to reduce the estimation error caused by dimension, all explanatory
variables are standardized by dispersion. The specific explanatory variables and their descriptions are
listed in Table 8.

Table 8. Explanatory variables of Tobit model and their descriptions.

Variable
Symbol Variable Name Descriptions

H10 Ownership structure Sum of squares of the shareholding ratio of the top 10 shareholders
TTC Turnover of total capital Main business income/average total assets

Subsidy Government subsidy Notes to financial statements from listed enterprises
Asset Total assets Represent the scale of the enterprise
Age Age The current year minus the year in which the company went public
Roa Return on assets Ratio of net profit to total assets
Aec Management fee rate The ratio of management expenses to operating income

Regression analysis was carried out with Eviews10.0 software, and two-stage regression results
were obtained (see Table 9).

According to Table 7, for the R&D stage, five results stand out. (1) The value of turnover of total
capital is −0.5406, which indicates that the turnover of total capital is inversely proportional to the
technological innovation efficiency of NEV enterprises. Each additional unit of turnover of total capital
will lead to an average decrease of 0.5406 in the technological innovation efficiency, which is significant
at a significant level of 1%. This reveals, in the R&D stage, the rapid turnover of total capital is not
positive to technological innovation efficiency. (2) The value of government subsidy is 0.3920, which is
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significant at the significant level of 5%, indicating subsidy can significantly promote enterprises’ R&D
efficiency. (3) The value of total assets is 0.192, indicating the total assets are inversely proportional to
enterprises’ R&D efficiency. The total assets are significant at a significant level of 1%, which reveals
the large scale of the company is not positive to the advancement of R&D efficiency. (4) The value
of the management fee rate is −0.5300, which is strongly significant at the significant level of 1%,
revealing, in the R&D stage, the high management cost of enterprises is not conducive to technological
innovation efficiency. (5) Ownership structure, age of the enterprise, and return on assets did not pass
the significance test. Revealing, in the R&D stage, these three indicators have no considerable effect on
innovation efficiency.

Table 9. Regression results of Tobit model.

Interpreted
Variable

Explanatory
Variable

Estimated Value
of Coefficient β

Standard
Deviation Z Value P Value

TE1

H10 −0.1499 0.0996 −1.5047 0.1324
TTC −0.5406 *** 0.1062 −5.0922 0.0000

Subsidy 0.3920 ** 0.1590 2.4659 0.0137
Asset −0.4886 *** 0.1861 −2.6256 0.0087
Age −0.1467 0.0953 −1.5392 0.1237
Roa −0.1553 0.1683 −0.9231 0.3560
Aec −0.5300 *** 0.1625 −3.2624 0.0011

Constant term 0.9781 *** 0.1220 8.0154 0.0000

TE2

H10 0.1107 0.0923 1.1989 0.2306
TTC 0.1928 ** 0.0984 1.9598 0.0500

Subsidy −0.1527 0.1473 −1.0364 0.3000
Asset 0.4915 *** 0.1724 2.8500 0.0044
Age 0.5509 *** 0.0883 6.2374 0.0000
Roa 0.2676 * 0.1559 1.7164 0.0861
Aec −0.1797 0.1506 −1.1935 0.2327

Constant term −0.1243 0.1131 −1.0991 0.2717

Note: *, **, and *** stand for significant at significant level of 10%, 5%, and 1%, respectively.

Secondly, for the achievement transformation stage, five significant observations can be made.
(1) The value of turnover of total capital is 0.1928, which indicates that the turnover of total capital is
directly proportional to NEV enterprises’ innovation efficiency. Every additional unit of turnover of
total capital will lead to an average increase of 0.1928 in technological innovation efficiency. Turnover of
total capital is significant at a significant level of 5%, indicating that in the achievement transformation
stage, the better the company’s management ability is, the more beneficial it is to technological
innovation efficiency. (2) The value of total assets is 0.4915, which indicates that the total assets are
directly proportional to the technological innovation efficiency of NEV enterprises in the achievement
transformation stage. The total assets are significant at a significant level of 1%. This shows that
the bigger the company is, the better it is for the enterprise to improve its innovation efficiency in
the achievement transformation stage. (3) The value of the age of the enterprise is 0.5509, which is
directly proportional to the efficiency value at a significant level of 1%, indicating that the longer the
development history of the enterprise, the more experienced they are in transforming technological
achievements. (4) The value of return on assets is 0.2676, which is significant at the significant level
of 10%. Revealing, in the achievement transformation stage, the better the company’s profitability is,
the more beneficial it is to technological innovation efficiency. (5) Ownership structure, government
subordinate, and management fee rate failed the significance test, indicating that these three indicators
have no considerable effect on innovation efficiency in the achievement transformation stage.

Finally, on the whole, the value of the ownership structure is not significant for both two stages,
indicating that ownership structure has no considerable impact on innovation efficiency in both
stages. Government subsidies’ impact on NEV enterprises’ innovation efficiency mainly lies in the
R&D stage. Thus, the influence of government subsidy in the R&D stage is greater than that in the
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achievement transformation stage. Turnover of total capital and total assets have significant impacts
in both two stages, but they have negative impacts in the R&D stage and positive impacts in the
achievement transformation stage, indicating that the two stages’ technological innovation efficiency is
quite different. Thus, it is necessary to evaluate them separately.

5. Discussion

In order to analyze and discuss how different NEV companies improve the technological
innovation efficiency and redistribute innovation resources, 23 NEV enterprises were classified into
four types—A, B, C, and D—according to the value of R&D and achievement transformation stages’
technical efficiency. The two-dimensional block diagram of 23 NEV enterprises’ two-stage innovation
efficiency was drawn, as shown in Figure 4.

Figure 4. 23 NEV enterprises’ two-stage innovation efficiency.

The authors classified 23 NEV enterprises into four types according to the value of R&D and
achievement transformation stages’ technical efficiency. As shown in Figure 4, type A enterprises are
enterprises whose R&D and achievement transformation efficiency are all greater than 0.7. At present,
only SHANSHAN is a type A enterprise; its R&D and achievement transformation efficiency are all
very high. Type B enterprises are enterprises whose R&D efficiency are greater than 0.7, but whose
achievement transformation efficiency are less than 0.7. Type B enterprises include LIFAN, Aotexun,
Futon, SG, and JIANGTE. This type of enterprise has high R&D efficiency, but the achievement
transformation efficiency is low, which indicates that the commercial value of R&D results has not been
transformed in time, and affects the overall efficiency of technological innovation. Type C enterprises
are enterprises whose R&D efficiency and achievement transformation efficiency are all less than
0.7. Type C enterprises include KING LONG, DONGFENG, WEICHAI, FAW, GREAT WALL, GAC,
WANXIANG QIANCHAO, BYD, ZHONGTONG, ZOTYE, NINGBO YUNSHENG, JAC, and WOLONG.
The R&D efficiency and achievement transformation efficiency of this type of enterprise are all low.
Type D enterprises are enterprises whose R&D efficiency are less than 0.7, but whose achievement
transformation efficiency are greater than 0.7. Type D enterprises include SAIC, FAW, CHANGAN,
and YUTONG. The achievement transformation efficiency of this type of enterprise is high, some of
which are close to 1, while the R&D efficiency is low.

According to the different characteristics and two-stage efficiency of each type of enterprise,
this paper proposed the following guidance for different types of NEV enterprises to reallocate their
resources more rationally and improve their innovation efficiency.

Firstly, for type A enterprises, the efficiency of this type of enterprise reaches the best in both
stages, which indicates that the innovation factors such as total capital, R&D personnel, and R&D
expenditure in both stages of technological innovation have been optimally allocated and rationally
utilized. It is worth noting that the technological innovation efficiency of SHANSHAN has reached a
very high level. At present, the global capacity of lithium battery materials has rapidly gathered in
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China, while the capacity of lithium battery materials in China has rapidly gathered in SHANSHAN.
SHANSHAN devoted all its manpower, material resources, and financial resources to lithium battery
materials as its main business. Its core goal is to occupy the market with advantages of cost performance,
scale, and technology; lead the formulation of global industry technical standards; and strive to become
a leader in the new energy industry in the world. While increasing investment in innovative resources,
SHANSHAN should also pay attention to improving the utilization efficiency and management level of
innovative resources, promoting the optimal allocation and rational utilization of innovative resources,
and keeping its innovative resource structure in a rational state.

Secondly, for type B and type D enterprises, the unilateral breakthrough efficiency improvement
path (B→A and D→A) should be adopted to improve innovation efficiency. These two types of
enterprises should take the low efficiency stage as a breakthrough, focus on the utilization efficiency
of various innovative resources at this stage, promote the coordinated development of innovation
processes, and realize the overall improvement of innovation efficiency. Taking Futon as an example of
a type B enterprise, Futon’s R&D efficiency has reached 0.953, while its achievement transformation
efficiency is only 0.349. Obviously, the two stages’ efficiency level of Futon is extremely uneven.
Although Futon can make full use of innovative resources such as manpower and capital to produce
technological achievements, it fails to realize the transformation of technological achievements in time
and effectively. Therefore, Futon should focus on the core business of commercial vehicles; take market
competition as the guide; aim at the needs of users; pay attention to the economic transformation of R&D
achievements; and promote the cooperation of production, education, and research. Taking CHANGAN
as an example of a type D enterprise, the R&D efficiency of this enterprise is only 0.283, while the
achievement transformation efficiency has reached 0.741. This shows that the efficiency levels of the
two stages of this enterprise are quite uneven. In recent years, CHANGAN has continuously increased
its R&D investment. This type of enterprise should focus on the R&D stage, make use of the existing
technology market, introduce high-level talents in the fields of new energy, and set up R&D teams to
improve the R&D efficiency.

Thirdly, for type C enterprises, a two-way coordinated efficiency improvement path should be
adopted (C→A) to improve the innovation efficiency. As the efficiency level of these enterprises
in both stages is low, it is of great importance to utilize the innovative resources in both stages of
technological innovation well. Since there are a large number of enterprises of this type, they can be
further refined into three types of enterprises according to the two-stage efficiency—namely C1, C2,
and C3—to carry out targeted related efficiency improvement. C1-type enterprises are enterprises
with similar R&D efficiency and achievement transformation efficiency, including ZHONGTONG,
NINGBO YUNSHENG, and JAC. Taking ZHONGTONG as an example, its R&D efficiency is 0.437,
and its achievement transformation efficiency is 0.377; the efficiency levels of the two stages are
relatively close. Such enterprises should strengthen basic research and infrastructure construction,
optimize the training system of innovative talent, and accelerate the improvement of overall efficiency
in a short period of time. C2-type enterprises are enterprises whose R&D efficiency are greater than
the achievement transformation efficiency, including ZOTYE and WOLONG. Taking ZOTYE as an
example, the R&D efficiency of this enterprise is 0.547, the achievement transformation efficiency is
0.188. In recent years, the B-class platform chassis upgraded by ZOTYE has mastered the core chassis
technology and reached the peak of the company in 2016 and 2017. Subsequently, the annual sales
volume of ZOTYE declined rapidly for two consecutive years. Obviously, only when the technological
achievements are transformed well and two stages develop harmoniously can the overall efficiency
of technological innovation be improved steadily. C3-type enterprises are enterprises whose R&D
efficiency is less than the achievement transformation efficiency, including KING LONG, DONGFENG,
WEICHAI, FAW, GREAT WALL, GAC, WANXIANG QIANCHAO, and BYD. Taking DONGFENG
as an example, its R&D efficiency is 0.254, and its achievement transformation efficiency is 0.523.
This type of enterprise should pay attention to R&D efficiency, take differentiated measures according
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to its own reality, and improve R&D efficiency by attaching importance to technology introduction,
so as to realize rapid improvement of overall efficiency in a short time.

6. Conclusions

In this paper, the NEVs’ technological innovation process is divided into two stages: the research
and development (R&D) stage and achievement transformation stage. Based on DEA–Tobit model,
an evaluation framework of NEV enterprises’ technological innovation efficiency was constructed.
The R&D efficiency and achievement transformation efficiency of 23 NEV listed enterprises from 2013
to 2018 were evaluated. In addition, according to two stages’ efficiency, 23 NEV enterprises were
divided into four categories. For different types of enterprises, targeted guidance to improve the
innovation efficiency and reallocate the innovative resources was proposed. In summary, the following
conclusions can be obtained.

First, the overall technological innovation efficiency of NEV enterprises in China is low,
among which, the R&D efficiency is generally higher than the achievement transformation efficiency.
In this paper, the innovation resource distribution in each stage of the technological innovation process
is fully considered. NEV enterprises’ two-stage innovation efficiency is analyzed in depth, which is
helpful to find out the deep-seated reasons for the lower overall efficiency of NEV enterprises, and plays
a guiding role in seeking specific paths to improve innovation efficiency.

Second, from the multi-dimensional perspective of the enterprise life cycle, the innovation
performance characteristics of enterprises in different dimensions are quite different, and the
technological innovation efficiency among enterprises is also different, which indicates that there is an
imbalance development in China’s NEV industry.

Third, according to NEV enterprises’ two-stage technological innovation efficiency and its specific
situation, this paper proposed targeted guidance for different types of enterprises to improve their
innovation efficiency. Due to the differences in technological innovation efficiency, different NEV
enterprises should adopt different approaches to improve their technological innovation efficiencies.
Enterprises should give full consideration to their own actual situation, combine the specific
characteristics of the two-stage technological innovation efficiency, and come up with targeted
approaches to improve the innovation efficiency.

However, the research on NEV technology innovation efficiency in this paper focused more on the
existing first-mover advantage and scale advantage, and did not consider various transformation forces
of the automobile industry. For example, the Internet, semiconductor, and other technology giants
cross the border to enter the NEV industry, which reshapes the competition pattern and reconstructs
the core value chain of the NEV industry. This paper lacks the consideration of these factors. In future,
these factors will be added into the research.

Author Contributions: Conceptualization and formal analysis, S.F.; software and data curation, X.X.; investigation,
G.Y., H.F., Y.Z. and J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant number 71773006),
the Research Project on Major Issues in the Philosophy and Social Science Research of the Ministry of Education
(grant number 17JZD023), and the Consultation Project of the Chinese Academy of Engineering (grant number
2019-JY-003).

Acknowledgments: The authors would like to thank the editors and the reviewers for their helpful and constructive
comments and suggestions on the drafts of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, Y.; Kokko, A. Who does what in China’s new energy vehicle industry? Energy Policy 2013, 57, 21–29.
[CrossRef]

2. Li, D.; Hou, R.; Sun, Q. The business performance evaluation index method for the high-tech enterprises
based on the DEA model. J. Intell. Fuzzy Syst. 2020, 38, 6853–6861. [CrossRef]

http://dx.doi.org/10.1016/j.enpol.2012.05.046
http://dx.doi.org/10.3233/JIFS-179763


Sustainability 2020, 12, 7509 18 of 19

3. Sun, H.; Geng, Y.; Hu, L.; Shi, L.; Xu, T. Measuring China’s new energy vehicle patents: A social network
analysis approach. Energy 2018, 153, 685–693. [CrossRef]

4. Zuo, W.; Li, Y.; Wang, Y. Research on the optimization of new energy vehicle industry research and
development subsidy about generic technology based on the three-way decisions. J. Clean. Prod. 2019, 212,
46–55. [CrossRef]

5. Zhang, L.; Qin, Q. China’s new energy vehicle policies: Evolution, comparison and recommendation.
Transp. Res. Part A Policy Pract. 2018, 110, 57–72. [CrossRef]

6. Dong, F.; Liu, Y. Policy evolution and effect evaluation of new-energy vehicle industry in China. Resour. Policy
2020, 67, 101655. [CrossRef]

7. Zhao, F.; Chen, K.; Hao, H.; Wang, S.; Liu, Z. Technology development for electric vehicles under new
energy vehicle credit regulation in China: Scenarios through 2030. Clean Technol. Environ. 2019, 21, 275–289.
[CrossRef]

8. Wang, Q.; Geng, C.E.H.; Karamanos, K. Dynamic coevolution of capital allocation efficiency of new energy
vehicle enterprises from Financing Niche Perspective. Math Probl. Eng. 2019, 2019, 1412950. [CrossRef]

9. Zhou, L.; Li, F.; Gu, C.; Hu, Z.; Le Blond, S. Cost/benefit assessment of a smart distribution system with
intelligent electric vehicle charging. IEEE T Smart Grid 2014, 5, 839–847. [CrossRef]

10. Wang, S.; Zhang, J.; Fan, F.; Lu, F.; Yang, L. The symbiosis of scientific and technological innovation efficiency
and economic efficiency in China—An analysis based on data envelopment analysis and logistic model.
Technol. Anal. Strat. Manag. 2019, 31, 67–80. [CrossRef]

11. Carayannis, E.G.; Grigoroudis, E.; Goletsis, Y. A multilevel and multistage efficiency evaluation of innovation
systems: A multi-objective DEA approach. Expert Syst. Appl. 2016, 62, 63–80. [CrossRef]

12. Li, H.; Zhang, J.; Wang, C.; Wang, Y.; Coffey, V. An evaluation of the impact of environmental regulation
on the efficiency of technology innovation using the combined DEA model: A case study of Xi’an, China.
Sustain. Cities Soc. 2018, 42, 355–369. [CrossRef]

13. Baden-Fuller, C.; Haefliger, S. Business models and technological innovation. Long Range Plann. 2013, 46,
419–426. [CrossRef]

14. Herring, H.; Roy, R. Technological innovation, energy efficient design and the rebound effect. Technovation
2007, 27, 194–203. [CrossRef]

15. Wang, S.; Fan, J.; Zhao, D.; Wang, S. Regional innovation environment and innovation efficiency: The Chinese
case. Technol. Anal. Strat. 2016, 28, 396–410. [CrossRef]

16. Chen, K.; Guan, J. Measuring the efficiency of China’s regional innovation systems: Application of network
data envelopment analysis (DEA). Reg. Stud. 2012, 46, 355–377. [CrossRef]

17. Charnes, A.; Cooper, W.W.; Rhodes, E. Measuring the efficiency of decision making units. Eur. J. Oper. Res.
1978, 2, 429–444. [CrossRef]

18. Li, H.; He, H.; Shan, J.; Cai, J. Innovation efficiency of semiconductor industry in China: A new framework
based on generalized three-stage DEA analysis. Socio. Econ. Plan. Sci. 2019, 66, 136–148. [CrossRef]

19. Chen, H.; He, P.; Zhang, C.; Liu, Q. Efficiency of technological innovation in China’s high tech industry based
on DEA method. J. Interdiscip. Math. 2017, 20, 1493–1496. [CrossRef]

20. Lin, S.; Sun, J.; Marinova, D.; Zhao, D. Evaluation of the green technology innovation efficiency of China’s
manufacturing industries: DEA window analysis with ideal window width. Technol. Anal. Strat. 2018, 30,
1166–1181. [CrossRef]

21. Xu, P.; Luo, F.; Zhang, Z.; Xu, H.; Cacace, F. Research on innovation efficiency of listed companies in
development zone based on the three-stage DEA-Tobit model: A case study of Hubei province. Discret. Dyn.
Nat. Soc. 2020, 2020, 1838469. [CrossRef]

22. Moon, H.; Lee, J. A fuzzy set theory approach to national composite S&T indices. Scientometrics 2005, 64,
67–83.

23. Sharma, S.; Thomas, V.J. Inter-country R&D efficiency analysis: An application of data envelopment analysis.
Scientometrics 2008, 76, 483.

24. Wang, C.H.; Gopal, R.D.; Zionts, S. Use of data envelopment analysis in assessing information technology
impact on firm performance. Ann. Oper. Res. 1997, 73, 191–213. [CrossRef]

25. Chen, Y.; Zhu, J. Measuring information technology’s indirect impact on firm performance. Inf. Technol.
Manag. 2004, 5, 9–22. [CrossRef]

http://dx.doi.org/10.1016/j.energy.2018.04.077
http://dx.doi.org/10.1016/j.jclepro.2018.11.263
http://dx.doi.org/10.1016/j.tra.2018.02.012
http://dx.doi.org/10.1016/j.resourpol.2020.101655
http://dx.doi.org/10.1007/s10098-018-1635-y
http://dx.doi.org/10.1155/2019/1412950
http://dx.doi.org/10.1109/TSG.2013.2282707
http://dx.doi.org/10.1080/09537325.2018.1485889
http://dx.doi.org/10.1016/j.eswa.2016.06.017
http://dx.doi.org/10.1016/j.scs.2018.07.001
http://dx.doi.org/10.1016/j.lrp.2013.08.023
http://dx.doi.org/10.1016/j.technovation.2006.11.004
http://dx.doi.org/10.1080/09537325.2015.1095291
http://dx.doi.org/10.1080/00343404.2010.497479
http://dx.doi.org/10.1016/0377-2217(78)90138-8
http://dx.doi.org/10.1016/j.seps.2018.07.007
http://dx.doi.org/10.1080/09720502.2017.1382194
http://dx.doi.org/10.1080/09537325.2018.1457784
http://dx.doi.org/10.1155/2020/1838469
http://dx.doi.org/10.1023/A:1018977111455
http://dx.doi.org/10.1023/B:ITEM.0000008075.43543.97


Sustainability 2020, 12, 7509 19 of 19

26. Anandarao, S.; Durai, S.R.S.; Goyari, P. Efficiency decomposition in two-stage data envelopment analysis:
An application to Life Insurance companies in India. J. Quant. Econ. 2019, 17, 271–285. [CrossRef]

27. Wang, Q.; Hang, Y.; Sun, L.; Zhao, Z. Two-stage innovation efficiency of new energy enterprises in China:
A non-radial DEA approach. Technol. Soc. 2016, 112, 254–261. [CrossRef]

28. Wang, Y.; Pan, J.; Pei, R.; Yi, B.; Yang, G. Assessing the technological innovation efficiency of China’s high-tech
industries with a two-stage network DEA approach. Socio Econ. Plan. Sci. 2020, 71, 100810. [CrossRef]

29. Chen, Y.; Du, J.; David Sherman, H.; Zhu, J. DEA model with shared resources and efficiency decomposition.
Eur. J. Oper. Res. 2010, 207, 339–349. [CrossRef]

30. Chen, Y.; Cook, W.D.; Kao, C.; Zhu, J. Network DEA pitfalls: Divisional efficiency and frontier projection
under general network structures. Eur. J. Oper. Res. 2013, 226, 507–515. [CrossRef]

31. Ma, J.E. A two-stage DEA model considering shared inputs and free intermediate measures. Expert Syst.
Appl. 2015, 42, 4339–4347. [CrossRef]

32. Ma, L.; Qiao, J. Research for strategic transformation of auto manufacturers based on the Low Carbon
Economy. In Proceedings of the 2011 IEEE 18th International Conference on Industrial Engineering and
Engineering Management, Changchun, China, 3–5 September 2011; pp. 742–746.

33. Li, Z.; Liu, Y. An analysis of R&D competence and development trend of China’s new energy vehicle industry.
In Proceedings of the 2018 5th International Conference on Industrial Economics System and Industrial
Security Engineering (IEIS), Toronto, ON, Canada, 3–6 August 2018; pp. 1–5.

34. Rong, K.; Shi, Y.; Shang, T.; Chen, Y.; Hao, H. Organizing business ecosystems in emerging electric vehicle
industry: Structure, mechanism, and integrated configuration. Energy Policy 2017, 107, 234–247. [CrossRef]

35. Lu, C.; Rong, K.; You, J.; Shi, Y. Business ecosystem and stakeholders’ role transformation: Evidence from
Chinese emerging electric vehicle industry. Expert Syst. Appl. 2014, 41, 4579–4595. [CrossRef]

36. Adepetu, A.; Keshav, S.; Arya, V. An agent-based electric vehicle ecosystem model: San Francisco case study.
Transp. Policy 2016, 46, 109–122. [CrossRef]

37. Li, W.; Long, R.; Chen, H. Consumers’ evaluation of national new energy vehicle policy in China: An analysis
based on a four paradigm model. Energy Policy 2016, 99, 33–41. [CrossRef]

38. Li, Y.; Zhang, Q.; Liu, B.; McLellan, B.; Gao, Y.; Tang, Y. Substitution effect of new-energy vehicle credit
program and corporate average fuel consumption regulation for green-car subsidy. Energy 2018, 152, 223–236.
[CrossRef]

39. Ma, S.; Fan, Y.; Feng, L. An evaluation of government incentives for new energy vehicles in China focusing
on vehicle purchasing restrictions. Energy Policy 2017, 110, 609–618. [CrossRef]

40. Lu, C.; Tao, J.; An, Q.; Lai, X. A second-order cone programming based robust data envelopment analysis
model for the new-energy vehicle industry. Ann. Oper. Res. 2019, 292, 321–339. [CrossRef]

41. Zhen, L.; Yingqi, L. A measurement of China’s new energy vehicle industry using the improved general
combined-oriented CCR model. J. Discret. Math. Sci. Cryptogr. 2018, 21, 895–906. [CrossRef]

42. Cullmann, A.; Schmidt-Ehmcke, J.; Zloczysti, P. R&D efficiency and barriers to entry: A two stage
semi-parametric DEA approach. Oxf. Econ. Pap. 2011, 64, 176–196.

43. Guan, J.; Chen, K. Measuring the innovation production process: A cross-region empirical study of China’s
high-tech innovations. Technovation 2010, 30, 348–358. [CrossRef]

44. Guan, J.; Chen, K. Modeling the relative efficiency of national innovation systems. Res. Policy 2012, 41,
102–115. [CrossRef]

45. Banker, R.D.; Charnes, A.; Cooper, W.W. Some models for estimating technical and scale inefficiencies in
data envelopment analysis. Manag. Sci. 1984, 30, 1078–1092. [CrossRef]

46. Diewert, W.; Caves, D.; Christensen, L. The economic theory of index numbers and the measurement of
input, output, and productivity. Econometrica 1982, 50, 1393–1414.

47. Tobin, J. Estimation of relationship for limited dependent variables. Econometrica 1956, 26, 24–36. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s40953-018-0148-1
http://dx.doi.org/10.1016/j.techfore.2016.04.019
http://dx.doi.org/10.1016/j.seps.2020.100810
http://dx.doi.org/10.1016/j.ejor.2010.03.031
http://dx.doi.org/10.1016/j.ejor.2012.11.021
http://dx.doi.org/10.1016/j.eswa.2015.01.040
http://dx.doi.org/10.1016/j.enpol.2017.04.042
http://dx.doi.org/10.1016/j.eswa.2014.01.026
http://dx.doi.org/10.1016/j.tranpol.2015.11.012
http://dx.doi.org/10.1016/j.enpol.2016.09.050
http://dx.doi.org/10.1016/j.energy.2018.03.134
http://dx.doi.org/10.1016/j.enpol.2017.07.057
http://dx.doi.org/10.1007/s10479-019-03155-9
http://dx.doi.org/10.1080/09720529.2018.1480276
http://dx.doi.org/10.1016/j.technovation.2010.02.001
http://dx.doi.org/10.1016/j.respol.2011.07.001
http://dx.doi.org/10.1287/mnsc.30.9.1078
http://dx.doi.org/10.2307/1907382
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Literature Review 
	Technological Innovation 
	Technological Innovation Efficiency 
	Technological Innovation Efficiency of NEVs 
	Summary 

	Materials and Methods 
	Two-Stage Technological Innovation Process Framework of NEVs 
	The Efficiency Evaluation Model 
	CCR Model 
	BCC Model 

	Dynamic Efficiency Analysis Model 
	Tobit Regression Model 

	Empirical Results and Analyzation 
	Dataset and Variables 
	DEA Static Analysis 
	Pure Technical Efficiency 
	Scale Efficiency 
	Technical Efficiency 
	Overall Analysis of Innovation Efficiency 

	Dynamic Efficiency Evaluation 
	The Result of the Tobit Model 

	Discussion 
	Conclusions 
	References

