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Abstract: Governments design and implement policies to achieve a variety of goals, but perhaps none
are as pressing as shifting national economies away from non-renewable fuels and towards more
sustainable, environmentally-friendly technologies. To incentivize such transitions, governments
provide subsidies to private and public companies to innovate, i.e., to engage in research and
development (R&D) to develop those technologies. However, the question of the companies is
using government subsidies (GS) to perform R&D and its answer determines the effectiveness of
government policies. Consequently, this paper seeks to answer this question through investigating
Chinese lithium-ion battery (LiB) firms and the GS they receive through novel usage of information
flow (IF). Hausman tests, fixed- and random-effects models confirmed a weak, though positive
correlation between GS and R&D as determined by patent output (PO), but interestingly, observations
of IF intimated that GS also affected other variables such as net profit (NP) and main business income
(MBI). This suggests that firms are being awarded GS for higher PO, but a corresponding increase in
R&D and its expected growth in company performance is not occurring. Thus, it is suggested that
performance variables other than PO be used as firms may ab (use) this metric to apply for more GS,
rather than performing R&D that leads to technological breakthroughs.

Keywords: innovation; lithium-ion batteries; governmental subsidies; Hausman test; informa-
tion flow

1. Introduction

The problem of global warming and associated pollution is multifaceted but is being
addressed most prominently from the perspective of first minimizing and then eliminating
the need for fossil fuels and is manifested by changing human behavior on both supply and
demand sides for energy and transportation. Although solar and wind energy technologies
have already began displacing the usage of fossil fuels and are feeding electricity into
grids on an ever-increasing scale and pace [1–4], as they are inherently intermittent, energy
storage for when the sun is not shining, or the wind is not blowing remains a critical
bottleneck in wider scale adoption. Lithium-ion batteries (LiBs) have emerged as a crucial
technology to further renewable energy development [5–7] and not only serve to stabilize
electrical grids [8–12] but are also highly desirable for the automotive industry promoting
a new generation of electric vehicles (EVs) [13,14]. How to motivate such changes in be-
havior, whether achieved through reward or punishment (i.e., carrot and stick approaches),
is a fundamental problem in economics and government policies [15–17]. Relevant for
this study, to provide improvements in LiB energy density, reliability, and costs [8–21],
in addition to studies assessing lithium resources and LiB environmental impact [22–24],
governments provide subsidies, tax reduction and grant schemes to incentivize firm re-
search and development (R&D) activities [25–29]. Additionally, the onset of the Fourth
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Industrial Revolution that is concerned with the utilization of production factors such as
the Internet (IoT), big data (new capital), artificial intelligence, and block chain (trust),
argues for a stimulation of open innovation (future-oriented) and instruments focusing on
entrepreneurship in what is called the experimental organized economy [30]. An example
of research in open innovation comes from Tayal et al. that investigated computation of
overall equipment effectiveness of machines in the automobile industry [31]. However,
what is perhaps not well understood is the answer to the question of does GS motivate
companies to invest more in innovation and the development of high-quality products,
or does GS motivate companies to neglect actual innovation in favor of using acquired
funds to perform other activities? This naturally leads to the question onto the actual
effectiveness in GS in stimulating corporate innovation.

2. Literature Review

Subsidies are particularly useful as they may directly decrease financial pressure and
risks of a company stimulating innovation activities and R&D investment [32]. Especially,
at early stages when resources are limited, government can play a significant role. As in-
dustry grows and become mature, government provides ideas exchange between different
innovation actors [33]. However, recent studies have identified that subsidy allocation are
not having the intended effects. For example, Li et al. provided evidence that subsidies not
being used by firms for improving their innovation capabilities, but for other purposes [34].
Lin and Luan suggested that although government subsidies (GS) can directly or indirectly
improve a company’s ability to improve their technological innovation capacity, crowding
out effects as caused by GS may lead to companies not being as innovative as they used
to be and thus GS could actually negatively affect innovation performance [35]. Lim et al.
collected subsidy data on Chinese listed companies and found out that GS can negatively
effect on firms’ profitability even when it helps to lower a cost of debt [36]. Zhu and Liao
supported the findings of Lim et al. [36] by analyzing Chinese renewable energy compa-
nies and the impact of GS on their financial performance [37]. The result show that the
occurrence of subsidy-induced overcapacity, adverse selection and moral hazard weaken
the effect of GS. Considering the acute importance of the shifting the global economy away
from being powered by non-renewable fossil fuels, assessing the mechanisms by which
this shift is performed is of equal importance.

As the one of the largest producers of lithium and a major consumer of LiBs [38–40],
China is an extremely valuable laboratory to test the effect of subsidies on LiB innovation.
This is due to GS being specifically designed to be intricately linked to technological metrics
and performance indicators. Considering this, however Wu et al. studied the effects of RD
on Chinese-listed firm innovation and found that no clear stimulating effect of RD subsidies
could be found on innovation output and failed to find an optimal number of subsidies for
these companies [41]. The authors nevertheless found that there was a marginal positive
effect was identified given an increase in the number of RD subsidies. Zhang et al. studied
the value of second use new energy vehicles (NEV), finding that in addition to battery
cost and electricity prices, GS are another principal factor for the Chinese NEV battery
industry [39]. Li et al. through analyses of dual credit policies and subsidies suggested
that LiB manufacturers were competitively vulnerable unless government offered new
financial subsidies [34]. Yu et al. studied the influence of GS on RD investment behavior for
China’s renewable energy sector and found that GS have a significant crowding out effect
on RD investment behavior and this was influenced by enterprise ownership attributes [42].
Investigating 158 listed new energy power generation companies in China, Luo et al. found
out that GS can have a negative impact on the short-term financial performance while
on the long-term GS positively affects enterprises profitability [27]. However, Yang et al.
used a panel threshold effect model to analyze the threshold effect of GS on renewable
energy investment [25]. The results suggest that GS are the significant contribution and
main supporting force for medium-, small-, and micro-sized renewable energy enterprises
when energy consumption intensity and bank credit are greater.
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Recent literature has suggested that in contrast to the conventional one-way causal
relationship between patent number and RD investments, a bidirectional causal relationship
may exist [43–45], necessitating the introduction of a methodology designed to study these
processes. Information flow (IF) as rigorized by Liang [46], since the seminal study by
Stips et al. [47], has been used in a wide variety of fields such as wave [48] and climate
systems [49,50]. Other similar methods such as entropy transfer and Granger causality
have been used to analyze IF [51,52], strongly suggesting that it can also be used to
assess the relationship between RD investments, GS, and other relevant variables. For
example, Nyasha and Odhiambo reviewed the causal relationship between government
size and growth and identified that although the direction of causality between these
two variables had four possible outcomes, each outcome had empirical support for their
conclusions [53]. They also suggested that the causal relationship between government
size and economic growth was not clear. Lawal et al. used Granger causality to examine
the effect of government expenditure on Nigerian economic growth [54]. It was confirmed
that total government expenditure and economic growth were not linked in the long
term with regards to expenditure on agriculture, security, transport, and communication,
however, a positive impact on Nigerian economic growth was observed. This study
considers the introduction of IF in the characterization of the causal effect of GS, R&D
investments, patent output on one another in the context of innovation and company
performance. This is done because, to the best of the authors’ knowledge, very few
studies have attempted to establish a bidirectional causal relationship between GSs on
LiB innovation in an attempt to definitively identify the effects GS has on LiB innovation.
Moreover, the study seeks to uncover if, as was previously suggested, subsidies were used
for other non-R&D purposes. Consequently, the rest of the paper is structured as follows.
Section 2 provides a description of the dataset and methodology that includes fixed- and
random-effect models, the Hausman test and IF. Section 3 gives the results and Section 4
provides policy recommendations and concludes this study.

3. Data and Methodology
3.1. Description of the Chinese Lithium-Ion Battery Market

Driven by the confluence of two goals of Chinese policy makers, i.e., environmental
pollution reduction and conversion of low-cost, low-tech products to others that require
higher levels of skills and technology to produce (the ‘Made in China 2025′ strategic
national plan), LiB growth is largely dependent on the development of NEVs. Based on
statistics provided by the Global Lithium-Ion Battery Supply Chain Ranking report [55],
the Chinese LiB market is immense, and this is due primarily to large domestic battery
demands, control of over 80% of the global raw material refining, 77% of cell capacity
and 60% component manufacturing. The Battery—Global Market Trajectory & Analytics
report [56] suggests that the China compound annual growth rate of the LiBs will be at
16.6% by 2027 and is estimated to be worth US$61.1 billion. The same report goes on the
classify Ningde Times Energy Technology Co., Ltd. (CATL), BYD Co. Ltd., Tianjin Lishen
Battery Co., Ltd., Beijing Hezhong Pufang New Energy Technology Co., Ltd., the Wanxiang
Group, China Aviation Lithium Battery (CALB), Gotion High-tech Co., Ltd. (formerly
Hefei Guoxuan Hi-Tech Power Energy Co., Ltd.), OptimumNano, Coslight, and Microvast
Power Systems as the leading power battery manufacturers in the country. Among these
Beijing Hezhong Pufang New Energy Technology, Tianjin Lishen Battery Co., Ltd., Gotion
High-tech Co., Ltd., CALB, OptimumNano, Coslight, and Microvast are private companies.
BYD is also a private company but additionally relies on foreign investments. These
and other companies have provided a third of global battery production capacity in 2019
and this trend is expected to remain up to 2025 [57], allowing Jin et al. to suggest that
because of China’s decade-long pilot and subsidy programs that were designed to drive
EV technology advancement, the average battery capacity for pure electric cars increased
from 35 to 44 kWh (approximately 23%) over the past five years, though this remains
lower than in the United States and Europe in 2019 [58]. The dataset of companies used in
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this paper includes a wide array of private, private and foreign invested, in addition to
state-owned enterprises.

Based on research conducted by Zhang et al. [14], following the return of Hong Kong
to the P.R.C. in 1997 and application of national policies concerning NEVs, EV battery
technology patents grew exponentially, with this trend increasing annually. The authors
suggest two policies, namely ‘The New Energy Infrastructure Project Management Interim
Provisions’, and the ‘Decision on Speed Up the Cultivating and Developing Strategic
Emerging Industries’, show that technological R&D is closely linked to national policy.
Indeed, in a new report on China’s electric vehicle development, Jin et al. identify that
China’s top-down management styles, i.e., its Five-Year-Plans, and resultant policies such
as the ‘Ten Cities, Thousand Vehicles’ pilot projects, subsidy programs, tax breaks, and
technical standards are largely responsible for the “strategic and policy continuity in
China’s new energy vehicle development” [58]. The Chinese State Council Information
Office on 2 November 2020 released the New Energy Vehicle Industry Development Plan
(2021–2035) that proposed that by 2025, the sales volume of NEVs and intelligent connected
vehicles should reach 25% and 30%, respectively [59]. Although the literature documents
a wide array of Chinese government policies and subsidies meant to spur R&D into
improving LiBs, which often encourages automakers to sell EVs below manufacturing
costs [60,61], case studies on their effects on specific companies are scarce. Nonetheless, in
2012, China BAK Battery, a manufacturer of LiBs received a US$1.9 million subsidy from
the Chinese National Development and Reform Commission and MIIT [62] for its battery
module project. As reported, government funds were slated to be used to enhance battery
module efficiency for EVs and e-bikes. More recently, Scott and Ireland document that
BYD and CATL are increasing their investments into battery production [63]. Masiero et al.
in an examination of government subsidies on the largest Chinese EV manufacturer BYD,
found that government subsidies (Table 1), combined with BYD-implemented strategies,
could explain the successful expansion of the emerging industry in China [64]. Generally,
China provides an average subsidy of $10,000 per vehicle and with 770,000 EVs sold in
2017, China’s central and local governments spent a total of $7.7 billion on EV subsidies
that allowed the country to capture control of and dominate LiB manufacturing [65].

Table 1. Central government incentives for 2015.

Type of Vehicles Technical Specifications
Incentives

RMB US

BEV
80 km ≤ Autonomy < 150 km 31.5 5

150 km ≤ Autonomy < 250 km 45 7.2
Autonomy ≥ 250 km 54 8.6

PHEV Autonomy ≥ 50 km 31 5
Fuel Cell Car - 180 28.8

Plug-in Hybrid Bus Length ≥ 10 m 250 40
Fuel Cell Commercial Vehicle - 420 72.1

Super-capacitor/lithium Titanate Bus - 150 24

Note: BEV is Battery Electric Vehicles and PHEV is plug-in hybrid electric vehicles.

3.2. Regression Analysis, Fixed and Random Effects Models and the Hausman Test

Regression analysis fixed and random effects models are widely used in the study
of panel data to investigate the impact of government subsidies and firm R&D invest-
ments [66,67]. Consider the following cross-sectional multiple regression with explanatory
variables X1 and X2:

Yi = α + β1X1i + β2X2i + ui; i = 1, 2, . . . , N. (1)

where X1 is the covariate of X2, and vice versa. Covariates act as governing factors for a
given variable. When control variables are present, β are partial regression coefficients and
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thus β1 represents the marginal effects of X1 on Y, keeping all other variables (e.g., X2)
constant. In keeping X2 constant, the marginal effect of X1 on Y is obtained after eliminating
the linear effect of X2 from both X1 and Y. β2 is explained identically. Consequently,
multiple regression facilitates pure marginal effects to be obtained by including all relevant
covariates and thus their heterogeneity can be controlled. If we further consider the
multiple regression of the following time series with the same two explanatory variables,
X1 and X2:

Yt = α + β1X1t + β2X2t + ut; i = 1, 2, . . . , T. (2)

We have the same explanation for the marginal effects but can now track the sys-
tem’s evolution over time. In order to account for time heterogeneity, we can combine
Equations (1) and (2) to arrive at a pooled dataset, which forms panel data with the follow-
ing panel regression:

Yit = α + β1X1it + β2X2it + uit; i = 1, 2, . . . , N; i = 1, 2, . . . , T. (3)

Using a two-way error component assumption for perturbations, cross section and
time heterogeneity can be controlled for:

uit = µi + λt + vit (4)

where µi is the unobserved individual (cross section) heterogeneity, λt is the unobserved
time heterogeneity, and vit is the remaining random error term. The µi and λt are the within
components, and the vit is the panel or between components. Based on the assumptions
made concerning these error components, i.e., whether they are fixed, or random, fixed,
or random effect models are formed. Specifically, if µi and λt are fixed parameters to be
estimated and vit is independently distributed with zero mean and constant variance, a
two-way fixed effects model is built. If, however, µi and λt are random, identical to the
error term, and are all independent of each other and of explanatory variables, a two-way
random effects model is built. If only one component is considered at a time, one-way
fixed or random effects models can be built by replacing µit (Equation (3)) and depending
on either the fixed or random assumption of µi and λt, becomes:

uit = µi + vit (5)

uit = λt + vit (6)

In this paper, innovation in LiB is measured by the level of research and development
(RD) investments and by patent output (PO). RD investments, as the name suggests, is
expressed as the funds invested by LiB companies into technological advancements and
reflects the willingness of these companies to innovate. Patent output (PO), by contrast,
is expressed in terms of the number of patents applied for due to technological break-
throughs, rather than the actual number of patents received as there is a lag between patent
application and authorization phases [42,68]. Government subsidies (GS) was chosen as
this study’s main explanatory variable. If the growth of corporate RD investments is higher
than the growth of GS, this implies that GS has a stimulating effect on RD investments.
Correspondingly, if RD investments are lower than GS growth, this suggests that GS are
not having their intended effect and subsides should be redesigned. All variables are listed
in Table 2.
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Table 2. Variable descriptions.

Variables Symbol Variable Definition and Unit

RD investment RD Enterprise RD investment (Million Yuan)
Patent Output PO Number of enterprise invention patent applications

Government Subsidies GS Government subsidies in non-operating income (million yuan)
Main Business Income MBI Income from the company’s main business (million yuan)

Asset-liability Ratio LEV Proportion of total liabilities to total assets (%)
Investment Ratio DS Proportion of RD investment in operating income (%)

Largest Shareholder Ratio LSR The ratio of the number of shares held by the shareholder with the most shares to
the total number of shares (%)

Top Ten Shareholders Ratio TTSR The shareholding ratio of the top ten major shareholder (%)

Net Profit NP The amount of accounting profit a company has left over after paying off all its
expenses (million yuan)

Among the control variables, the RD investment of lithium battery companies is
mainly affected by the size and operating conditions of the company. Main business
income (MBI) reflects the sales and market share of LiB companies and can be used as a
representative variable reflecting the scale of the company. If the business is not operating
well, it will lead to a debt crisis, and the company must prioritize repayment of principal
and interest, thereby reducing RD investment. The asset-liability ratio (LEV) is used
to reflect the business status of the enterprise, and it is expressed as the proportion of
total liabilities to total assets. As an emerging industry, the innovation of lithium battery
companies is also affected by the level of organizational knowledge. The patent output of
lithium companies is mainly affected by the company’s RD intensity. The RD investment
ratio (DS) is used here to express the importance of LiB companies on RD. Generally, the
greater the RD intensity of the company, more emphasis is placed on RD activities, the
better the output of high-quality patents. The largest shareholders ratio (LSR) was chosen
as an index, representing willingness of shareholders with the largest share in the company
to invest in innovations, focusing on maximization of their income from selling high-quality
inventions. Net Profit (NP) is used to reflect the amount of money that companies can
spend directly on innovations and expresses the size of profit. Top 10 shareholders ratio
(or major shareholders) (TTSR) as the largest shareholders ratio was used to represent the
possible shareholders’ contribution to RD, limited to within 10 main distributors [69].

To investigate the effects of GS on LiB innovation, we use a well-balanced panel
dataset of 95 LiB-manufacturing companies that ranges from the year 2015 to 2018. To
consider both fixed and random effects, the Hausman specification test is employed [70]:

RDit = µ+ β1GSit + β2MBIit + β3LEVit + β4LSRit + uit + αt (7)

POit = µ+ β1GSit + β2DSit + β3TTSRit + β4LSRit + uit + αt (8)

where RD is RD investments and PO is the patent output; i = 1, 2, . . . , n, represents
different enterprises; t = 1, 2, . . . , n, represents time, and uit + αit represents random
effects. The data excludes the impact of price factors. Patent number was collected from
the patent information service platform network [71], and the rest of the data comes from
the China Stock Market & Accounting Research Database [72]. The data consists of the
company name, company number, PO, total assets, total liabilities, etc. To guarantee model
robustness, although there is data for 178 companies, data curation was performed to
exclude companies that had large tracts of missing data, resulting in a total dataset of
95 companies.

According to Table 3, there is a large difference between the maximum value and the
minimum value of RD investment, and the median is much smaller than the average value,
indicating that the overall RD investment of LiB companies is relatively small, and the RD
investment of a few lithium-ion battery companies has increased. The number of invention
patents and RD investment shows a similar distribution, and the median is much lower
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than the average, indicating that the overall output of invention patents of LiB companies
is relatively small and unevenly distributed. With the aid of the econometric model, the
influence of government subsidies on the RD investment of LiB companies can be further
tested. Considering the large discrepancies in values between variables, before all further
analyses were conducted, the data was normalized to a 0 to 1 range.

Table 3. Descriptive statistics before normalization.

Variables Max. Min. Average Median

RD 8535.9 0.04 309.5 99.2
PO 2856 1 146 38
GS 1248.5 0.005 41.9 11.5

MBI 100,492 0 5699.7 1172
LEV 0.77 0.1 0.48 0.49
DS 8.16 0 0.38 0.05

LSR 67.14 3 29.2 28.34
TTSR 94.33 9.15 50.97 51.7
NP 26,379 0 612.2 147.7

To determine the most appropriate model amongst the fixed and random effects
models, the Hausman or Durbin-Wu-Hausman (DWH) test is performed on panel data
and determines the presence of endogeneity (predictor variables) in the panel model. If the
p-value is greater than 0.05 (>0.05) then the random effects model is chosen. Alternatively,
if the p-value is less than 0.05 (<0.05), then null hypothesis is rejected, and the fixed effect
model is chosen.

3.3. Information Flow

To ascertain the bidirectionality of causality between GS and other variables, informa-
tion flow (IF) is applied and studied. IF is a real physical notion developed and rigorized
Liang [43], to quantitively assess causality between two time series. Causality is measured
by the rate of information transfer from a given variable’s time series, to another. Given
two time series X1 and X2, the maximum likelihood estimator of IF from X2 to X1 is:

T2→1 =
C11C12C2, d1 − C2

12C1, d1

C2
11C22 − C11C2

12
(9)

where Cij is the sample covariance between Xi and Xj, and Cij,d1 is the covariance between
Xi and Xj. Information flow in the opposite direction, i.e., T1→2, through switching the
indices 1 and 2. The units are in natural units of information (nats). IF is used primarily
to quantitively assess causality between government subsidies and RD investment. For
completeness, information flow is also calculated for all other variables and comparisons
made. At this juncture, it is prudent to note that a standard procedure for testing the
relative importance of a detected causality has been made available [73]:

Z2→1 ≡ |T2→1|+
∣∣∣∣dH∗1

dt

∣∣∣∣+
∣∣∣∣∣dHnoise

1
dt

∣∣∣∣∣, τ2→1 =
T2→1

Z2→1
(10)

where the phase expansion in the X1 direction is H∗1 and Hnoise
1 is the random effect (note:

this is unrelated to the random effects model). The larger the value, the more significant
the causal relationship between X2 and X1. When the significance level is 0.1, Z2→1 > 0.1
indicates that the causal relationship is significant. The relative importance of detected
causality will also be measured.
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4. Results
4.1. Hausman Test, Fixed and Random Effect Model Results

To estimate the correlation between the selected variables, fixed and random effect
models were implemented in conjunction with performing the Hausman test. As shown
below in Table 4, among the control variables, the MBI, reflecting the size of the company,
passed the 1% significance level test, with a coefficient of 0.205 and 0.207. This indicates
that LiB enterprise RD investment is positively correlated with company size. This is
because LiB enterprises are important facets of the Chinese economy, and they often have
the most complete RD investment mechanisms. LSR passed the significance test at the 1%
level with correlation coefficients for the fixed and random effects being measured at 0.358
and 0.370, respectively. This indicates that with greater RD support from investors, these
RD naturally activities become more intense due to higher investments.

Table 4. Regression results for RD investments.

Variable Fixed Effects Random Effects

Coefficient p Coefficient p

GS 0.182 0.000 0.163 0.001
MBI 0.205 0.000 0.207 0.000
LEV 0.022 0.232 0.030 0.105
LSR 0.358 0.000 0.370 0.000
Cons −0.057 0.000 −0.062 0.000

F/W Values 52.51 (F-value) 210.36 (W-value)

In Table 5, it can be observed that as the P-value of the Hausman test is lower than 5%,
again both fixed and random models can be used for estimation. The F- and W-values were
measured at 41.05 and 158.32, respectively, indicating that the model’s ability to estimate
hidden effects is significant. Moreover, GS also passed the significance test at the level of
1% with the coefficient of 0.174 and 0.153, which suggests that there is a positive correlation
between GS and PO. Combined with the regression results of the RD investment equation
(Table 3), GS has a direct role in promoting RD. However, because the subsidies’ policy
focus on promoting continued investments, these results suggest that LiB enterprises are
not being adequately motivated to engage in high-quality RD. Otherwise, among the
control variables, RD investment ratio passed the significant test at the level of 1% with
the coefficient of 0.124 and 0.119 for fixed and random effect models, respectively. This
result demonstrates that the amount of money poured into RD is positively correlated with
patent number. Enterprises with high RD investment ratios obviously would have higher
proportions of their profits being diverted into RD, reflecting that enterprise’s willingness
to invest more in innovative research, leading to larger patent numbers. The quality of
those innovations, however, remains unknown and will be discussed in a subsequent
section. The LSR also passed the significance test at the 1% level, with a coefficient of 0.502
and 0.521 for the fixed and random effect models, respectively. Contrasted with managers
that seek to maximize short-term benefits, shareholders, however, are more interested in
securing and maximizing profits over the long-term and therefore are more willing to
invest in risky RD activities [74,75].
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Table 5. Patent output regression results.

Variable
Fixed Effects Random Effects

Coefficient p Coefficient p

GS 0.174 0.000 0.153 0.002
DS 0.124 0.003 0.119 0.004

TTSR 0.034 0.116 0.021 0.206
LSR 0.502 0.000 0.521 0.000
Cons −0.089 0.000 −0.087 0.000

F/W Values 41.05 (F-value) 158.32 (W-value)

4.2. Information Flow

In a deeper examination of the effect of GS on RD and other variables, IF was applied
to time series of each variable to determine their interrelationships with results collated
in Table 6. Observing Figure 1a that shows IF from each variable to GS, the most striking
feature is its magnitude and polarity. This indicates that rather than information flowing
from each variable to GS, GS had flows of information to each variable, suggesting that
growth was stimulated, congruent with the results of either the fixed or random effects
models, and results widely reported in the literature [76–79]. In Figure 1b where IF to each
variable from GS shows that RD, PO, and NP are all strongly affected by GS, with MBI,
LSR, LEV, DS, and TTSR being nearly completely overshadowed. A first inspection, while
this result may suggest that because RD, PO, and NP are being stimulating by GS, actual
innovation may not be occurring (or in other words, the classic notion that correlation does
not imply causation). For example, Dang and Motohashi warned that although patent
subsidy programs have increased the number of applications and grants by 30%, these
subsidies have the negative side effect of encouraging low-quality patent applications and
drive firms to narrow patent claims for easier grants [80]. Giarratana et al. agreed, terming
the rewarding of low-quality inventions as ‘false positives’ and noted that high-quality
inventions may be overlooked (false-negatives) [81]. Deeper research into the quality of
patents is required to validate the causal influence of GS on innovation.

Table 6. Information flow to (T1→2) and from (T2→1) government subsidies with the corresponding
statistically significant values at the 95% (τ1→2(95%)) and 99% (τ2→1(99%)) levels.

Variable T1→2 T2→1 τ1→2(95%) τ2→1(95%) τ1→2(99%) τ2→1(99%)

RD 2.2951 166.8535 0.0370 0.0341 0.0483 0.0446
PO −51.1643 309.4262 0.0583 0.0587 0.0761 0.0767

MBI −9.2132 22.6042 0.0101 0.0155 0.0132 0.0203
LSR −1.1905 1.9735 0.0030 0.0040 0.0039 0.0052
LEV 9.8400 23.0154 0.0176 0.0196 0.0230 0.0256
DS 1.3364 5.8220 0.0085 0.0090 0.0111 0.0117
NP −60.4489 242.9157 0.0463 0.0504 0.0605 0.0659

TTSR −0.0720 3.7063 0.0063 0.0086 0.0082 0.0112
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Figure 1. Information flow (a) from the variables to government subsidies (T1→2), (b) from government subsidies to the
variables (T2→1), with the corresponding significant values (τ) at the (c) 95% and (d) 99% levels.

In Figure 1c, excluding RD, there was higher IF to variables from GS (τ2→1) than to
GS from each variable (τ1→2) at the 95% confidence level. At the 99% confidence level,
this trend continues identically to the 95% confidence level results. Through testing the
bidirectional causal influence of GS to and from each variable by IF, the results strongly
suggest that GS stimulate the variables, with RD, PO, and NP standing out. Their growth
is being nurtured by GS as they are designed to do. Although, it should also be recognized
that this effect may not necessarily be universal for the LiB industry. Recent observations
by Wu et al. suggested that based on firm affiliation, those with higher-level governments
contacts and those located in marketized regions were more likely to government financial
support [41]. While the authors noted that they were able to confirm Chinese state inter-
vention corrected market failure due to firms’ RD activity, influence of subsidies had an
ambiguous effect on this activity.

Using Equation (10), the relative importance of a detected causality is calculated with
results plotted below in Figure 2. There it can be easily seen that amongst the variables,
PO, followed by NP and then RD were influenced most strongly by GS, completely over-
shadowing every other variable. With regards to LSR, DS, and TTSR, as their values were
negative, it can be suggested that not only are they are not crucial for GS, but may even
restrict its growth, however it should be noted that excluding these variables, all others
passed the 0.1 significance test, and thus more research is required to clarify their influence
on GS for the LiB industry. In summary, while additional research will be required to ensure
robustness, this result confirms the earlier fixed and random effects model observation that
each variable, to varying degrees, were stimulated by GS.
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It is hypothesized that a selective pressure is exerted on companies to take greater
risks and invest more into RD to apply for more patents and patent subsidies [82,83], but
it must be additionally noted that some firms may do this rather than conducting RD to
truly innovate [84]. These firms may be successful due to the awarding of GS, rather than
their ability to innovate and bring new products to the market [41,83,85]. That is, the better
companies do from an innovation perspective, and this is quantified by the number of
patents, the more subsidies are allocated to their continued development [41,86,87]. Here,
policymakers and special interest groups may be making decisions on which industries and
technologies to subsidize and because they may not have neither the technical expertise nor
desire to select firms based on their merits, misallocation of valuable capital is inevitable.
Furthermore, it should also be noted that innovative inertia may engender firms to continue
innovating even if government subsidies fail [67] and this may be the situation here. There
is insufficient data to pursue this avenue to determine if this is indeed the case and can be
studied in future research. Additionally, the causal relationship is not quite as simple as
these results suggest since other factors not considered by this study could have affected
the RD investments [45,88].

5. Conclusions

In the 21st century, innovation is amongst the main drivers of economic productivity
and serve to advance the technology to solve problems that arose from previous centuries
of development that were accompanied by pollution and carbon dioxide emissions. The
promotion of electric vehicles placed increased pressure on LiB manufacturers to build
safer, longer lasting and more energy dense batteries, which is inextricably linked to a firm’s
ability to innovate. Governments design and implement subsidies to engender innovations
by providing financial incentives to conduct risky research and development activities.
This is done primarily to steer markets to produce products and services beneficial for its
citizenry. LiBs, from their abilities to store electricity generated by renewable energy, are
currently the best technologies available to aid in stabilizing fluctuating energy production
and with their inclusion into electric vehicles, help to reduce the burning of fossil fuels.
This study sought to uncover the causal relationship between company performance as
measured by the number of patents awarded through RD investments. It was found that
while confirming the link between GS, PO and RD investments, the correlation between
these variables was relatively weak as determined by the fixed and random effects models.
However, through a novel application of IF to this kind of study, it can be clearly identified
that the application of GS to firms led to greater investments in RD, that resulted in higher
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PO and from this perspective, higher company performance. This is crucial for the LiB
industry as higher levels of innovation results in safer, more efficient batteries for not
only the electric vehicle that are currently dependent on them, but the entire renewable
energy industry as energy storage is a critical bottleneck in widening the application of
these and other technologies. Through measuring the relative importance of detected
causality from GS to the measured variables, it was identified that GS influenced PO the
greatest and this was followed by NP and then RD, with MBI, LEV having a significantly
smaller influence. A negative influence on GS was detected for LSR, DS, and TTSR,
which suggests that these variables may serve to restrict the application of GS for a given
firm. Although this study confirmed the positive correlation between GS, RD and PO, an
important caveat in the notion of causality where correlation may not imply causation, it
cannot be overlooked that patents could have been applied for not when technological
breakthroughs are made, but as padding to ensure that personal or firm evaluations are
optimum, and GS can be acquired. In other words, GS could be awarded to firms with
higher patent output, regardless if these patents led to increased company performance or
not. This can be explained quite simply as just because innovation took place within an
enterprise, the innovations themselves perhaps failed to lead to greater productivity and
higher profits. Here, we can make a suggestion that not only should the subsidy structure
be optimized, but more detailed targets and better supervision should be established as
well. Alternative solutions to GS such as grants, tax credits, or allocation rules based on
past performance can be implemented, but experimentation into the optimum design of
these mechanisms to spur innovation is required. The minimization of crowding out effects
should also be a priority for the government. Alongside these government-led policies,
market-led, demand-oriented policy instruments to encourage innovation can and should
be implemented. Based on the above research conclusions, the following countermeasures
are proposed:

First, optimize the government’s subsidy method for lithium-ion battery, and at the
same time, improve the subsidy methods, such as granting more subsidies to companies
with strong R&D capabilities, and guide companies to increase R&D investment and
promote lithium-ion battery companies to improve their innovation capabilities.

Second, adopt incentive policies such as R&D tax credits to encourage enterprises
to increase R&D investment. Compared with R&D subsidies, R&D tax incentives can
mobilize market forces more. At present, the research and development of tax incentive
tools has become a common method in many countries.

Third, promote the openness and transparency of government subsidy information,
and establish and improve the government subsidy supervision system. At present, the
Chinese government’s policy of providing subsidies to lithium-ion battery has been im-
plemented for a long time, but the openness of government subsidy information needs
to be further strengthened. With the development of lithium-ion batteries, it is not only
necessary to raise the standard for issuing government subsidies, but also to strengthen
publicity before the issuance, and strengthen supervision after use, so as to guide social
forces to supervise and improve the efficiency from the usage of subsidies funds.

Because of these observations, although LiB manufacturers took risks by making
greater RD investments and GS were made available to incentivise these risks, no direct
link between PO and company performance by IF can be confirmed due to additional
variables not considered here. These variables, such as the number of employees and their
corresponding levels of education may have a strong effect on assessing RD investments
and patent output because the more highly educated employees a firm possesses and
retains, products produced by said company may be higher. As a case in point, innovations
that were made due to minor initial RD investments can have a disproportionately large
effect on company and even market performance, and these come in the form of what
are known as technological disruptors. Consequently, companies should primarily invest
funds into increasing the quantity and quality of its technical and scientific expertise
as only with greater theoretical and practical foundations, can a team of experts make
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breakthroughs and improve innovation efficiency. This study is limited in that variable
selection did not consider the influence of strategic alliance portfolios and characteristics of
focal firm partners which has been shown by Jeong and Ko [89] to have a significant effect
on R&D activities through the acquisition of knowledge and technologies from other firms.
Moreover, the research doesn’t consider some possibly influential variables such as tax
credits (governmental tool to spur innovation in high-tech enterprises) which were used in
the study by Jiang et al. [77] to create a threshold model investigating different effects of GS
on R&D intensity of NEV enterprises. Additionally, open innovation approaches may also
have an effect on firm R&D and innovation through the inclusion of big data [33,90], but
there was currently insufficient data to consider its influence. Future research is required
to provide evidence to support this hypothesis and can include an expanded quantity
of companies, additional variables, and the inclusion of non-Chinese LiB manufacturers
to broaden the theoretical foundation. Moreover, a deeper investigation into the causal
role of government subsidies and open innovation in the Chinese NEV industry may lead
to identification of strategies to overcome current rigidities in the allocation of GS. This
perhaps may be useful as open innovation is a business management model for innovation
that promotes collaboration with people and organizations outside the company and
thus would involve people who have no direct financial incentive to merely apply for
GS to support the firm. Improper activities can therefore be more easily identified as
silo mentalities and the secrecy traditionally associated with corporate R&D culture can
be minimized.
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