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Abstract: This paper investigates whether the COVID-19 (coronavirus disease 2019) pandemic affects
the green inventions of firms, universities, and firm—university collaborations (FUCs) differently.
Our identification used provincial-level monthly data from China. Results from the difference-in-
differences (DID) model showed that the COVID-19 pandemic has prompted the output of three types
of green invention patents. After the parallel-trend test, placebo test, and triple-difference estimation,
our conclusion has good robustness. However, the COVID-19 pandemic also influences the role of
other policies, such as the SO,-emissions-trading pilot policy for universities” green inventions. There
has been a slight change in the effect of dual carbon targets on green inventions since the start of
the pandemic. The positive effect of the COVID-19 pandemic has been weaker for provinces where
the pandemic has been more severe than in other provinces. The results of this study are compared
with the results and empirical evidence of other related studies and the theoretical logic of COVID-19
crisis-promoted green inventions are discussed.

Keywords: the COVID-19 pandemic; green inventions; green patents; difference-in-difference
estimation

1. Introduction

Humans are facing severe climate and environmental problems. We have to change
the energy use structure and realize sustainable production and lifestyle. Solving these
problems requires continued progress in green technology [1]. Countries worldwide are
in the process of achieving this goal [2]. However, since December 2019, the COVID-19
pandemic has disrupted various development plans [3]. Therefore, the core question of this
study was whether the COVID-19 pandemic has affected the progress of green technologies.

There are two opposing views on the impact of the COVID-19 pandemic on techno-
logical innovation [4]. One is that the COVID-19 pandemic is promoting technological
innovation, and another is that the COVID-19 pandemic is suppressing it. On the one hand,
one of the main pieces of evidence for the facilitation theory is the Global Innovation Index
Report published in September 2021 [5]. This report shows that many parts of the world
have scaled up their investments in innovation during the COVID-19 pandemic. Moreover,
global scientific and technological innovation efficiency has been significantly higher than
the average level over the past ten years [5]. Some studies suggest that the superposition
of the pandemic, economic downturn, and prevalence of trade protectionism contains
opportunities for technological innovation [6]. These opportunities provide innovation
demand for global technological development. On the other hand, the inhibition theory’s
primary basis comes from micro-level research. The pandemic has hit many companies
hard [7], and entrepreneurs generate evident anxiety [8].

There is still not much quantitative research on the impact of the COVID-19 pandemic
on green technological innovation. However, both positive and negative effects exist
in these studies. On the one hand, some studies argue that the COVID-19 pandemic is
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expected to boost green technology. For example, technology such as waste disinfection in
the health system [9] and in food supply chains [10] is expected to improve significantly.
Throughout the pandemic, investment in smart-city projects in China has reduced the
virus’s infection rate and promoted urban sustainable technologies [11]. Additionally,
the COVID-19 pandemic is an important vector in people’s behavioral change, reflecting
environmental sustainability and social responsibility [12].

On the other hand, some studies support the view that the COVID-19 pandemic
negatively affects green technological innovation. An investigation of 526 manufacturing
firms in Norway revealed that overall, the conduction of environmental innovation de-
creased during the pandemic [13]. Other research found that the COVID-19 pandemic
has severely disrupted plastic-reduction policies at the regional and national levels and
induced significant changes in plastic-waste management.

In a philosophical discussion, Dempster says, “Causal analyses are guides to higher
understanding” [14]. In the relationship between the COVID-19 pandemic and green
innovation, the pandemic is usually used as an exogenous cause. However, we still lack
empirical evidence that the causality exists and, if so, whether that causality from the
COVID-19 crisis to green inventions is positive or negative. We note that some previous
research was aimed at theory and methods of responding to the pandemic. However, these
studies have somewhat ignored the rigorous empirical testing for their premise position,
which may lead to delayed or advanced policy recommendations due to misjudgment of
the situation. Therefore, our study aimed to complement other studies using new data
and methods and a new perspective. The specific goals and supposed contributions of this
study were as follows:

First, this study tested the impact of the COVID-19 pandemic on monthly green-
invention-patent-applications data of firms and universities, and their cooperation at the
regional level. Patent statistics are a common indicator of innovation [15,16]. China’s
patent system started later than those of developed countries, but in just a few decades,
the number of patents has jumped to the forefront of the world, so the growth pattern of
Chinese patents is different from that other countries [17]. On the one hand, this different
growth model means that previous patent-innovation-research results based on other
countries” experiences have applicability problems, and on the other hand, it also creates
new material for technological-innovation research based on patent data [18].

Second, this study conducted a DID model to estimate the COVID-19 pandemic’s
effect. We took December 2019, when the pandemic started, as the event point. The data
12 months before and 24 months after the event point constituted the treatment group.
The data 12 months before and 24 months after December 2017 constituted the control
group. Moreover, the main drivers of technological innovation included demand-pull [19],
supply-push [20], and environmental regulation incentives [21]. The model of this study
included indicators of these three factors. Therefore, in a theoretical sense, this model
combined perspectives from economic theory, environmental theory, public management
theory, and technological innovation theory.

Third, this study examined the impact of the pandemic on effects of other environmen-
tal regulatory policies and scenario factor, including two emissions-trading pilot policies
and China’s dual carbon targets (carbon-peaking and carbon-neutrality goals). Moreover,
we identified the heterogeneous impact of the COVID-19 pandemic on the output of green
invention patents in different regions and organizations.

The remainder of this paper is organized as follows: Section 2 is a literature review.
The data, estimation specifications, and variables are described in Section 3 and the results
of empirical models are presented in Section 4. Section 5 is a discussion to explore the
significance of the results. Section 6 gives the conclusions and prospects.



Sustainability 2022, 14, 10385

30f15

2. Literature Review
2.1. Green Inventions

In a narrow sense, inventions can be explained as a new or improved idea, product,
or process [22] or, in a broad sense the production of knowledge [23]. The number of
previous studies on technological inventions is large. However, in academic research, the
green invention is still a new notion. There are some similar but different concepts such
as green creativity [24], environmental patents [25], and green technological design [26].
Combined with studies on inventions, technological innovation, and environmental tech-
nologies, this study found that inventions can be a “bridge” between green technologies
and green innovation.

First, green inventions are an important source of green innovation. Green innovation is a
technological innovation process aimed at sustainable development. It is similar to the concept
of eco-innovation [27] and environmental sound innovation [28]. The innovation process is a
high-risk activity [29]. Therefore, previous studies suggest that innovators should enhance
their innovation capabilities through the accumulation of technological inventions [30].

Second, the direct source of the green invention is R&D activities at the base of
previous green technologies [31]. The three types driving forces of R&D activities on green
inventions can be summarized as follows: the institution factors, the demand-pull, and the
technology-push [32]. Porter and Van der Linde [21] put forward the Porter hypothesis,
i.e., institutional factors such as environmental regulation can influence the effects of R&D
activities on green inventions through reducing innovation offsets. The main institutional
factors include abatement pressure [25], pressure of environmental regulation [33], and
government’s green grip [34]. The technology-push view’s factors include self-development
of the innovation system [20] and knowledge transfer/diffusion [35]. The demand-pull
view’s factors include industry concentration [25], consumer environmental awareness [36],
and pressure of the environmentalism of investors and clients [33].

2.2. Impact of the COVID-19 Pandemic on Green Inventions

About two years ago, Hanna, Xu and Victor [4] judged that there were different views
on how the COVID-19 pandemic stimulates respect for science and global engagement
on climate change. This contradictory view is still prevalent in current research. For
example, optimists believe that the COVID-19 pandemic has awakened green investment
to protect prosperity [37], however, conservatives believe that COVID-19 has severely set
back the original green-technology trend because economies rarely bounce right back to
their pre-shock state [38].

We screened studies that could match the query formula “COVID-19 + (green, envi-
ronment + sustainability + pollution) + (invention + patent + innovation + new product
+ R&D)”. Ten studies that quantified the relationship between the COVID-19 pandemic
and related variables were filtered out to compare with our study. Appendix A Table A1l
lists these studies” basic results. From the perspective of the individual, Xia, et al. [39],
Ruiu, et al. [40], and Mouratidis and Peters [41] tested the impacts of the COVID-19
pandemic on new-product-purchase intentions, eco-friendly lifestyle, and frequency of
teleactivities and general online activities. The conclusions of this research implied a
positive effect of the COVID-19 pandemic on individuals” green technology acceptance.
From the perspective of the firm, Zhang and Fang [42], Hermundsdottir, Haneberg and
Aspelund [13], Al-Omoush, et al. [43], Xiao and Su [44], and Pilloni, et al. [45] tested the im-
pacts of the COVID-19 pandemic on firms’ performance change, adoption of environmental
innovations, and R&D expenditure. The conclusions were contradictory, and seemed to be
different from different data sources. When the data sources were surveyed by authors, the
results tended to be negative. When the data source was public data, the results tended
to be positive or non-significant, given the small sample size of the data investigated by
authors and possible presupposition issues. We tend to believe that subjective factors may
influence studies based on author surveys. In addition, from the perspective of the region,
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the conclusions of Norouzi, et al. [46] and Zhao, et al. [47] implied a reduced effect on
pollution by the COVID-19 pandemic.

3. Materials and Methods
3.1. Data
3.1.1. Green Invention Patent Applications

There are three types of patents in China: invention, utility, and design. The term
“invention” refers to any new technical solution relating to a product, a process, or an
improvement thereof; the term “utility” refers to any new technical solution relating to
a product’s shape, structure, or a combination thereof, which is fit for practical use; “de-
sign” means a new design of the shape, pattern, or a combination thereof, as well as a
combination of the color, shape and pattern, of the entirety or a portion of a product, which
creates an aesthetic feeling and is fit for industrial application [48]. This study selected
the number of green invention patent applications as the indicator for green inventions.
The reason for choosing the invention patent was that compared with the other two types
of patents, the invention patent has higher requirements for novelty and creativity and is
more in-line with the definition of technological innovation [49]. The reason for choosing
the number of applications is that it has better timeliness and stability than the number of
authorized patents. The data source of the invention patent applications was the Patsnap
database (https://www.patsnap.com/, accessed on 31 May 2022). Green technologies
also can be explained as environmentally sound technologies which means technologies
that have the potential for significantly improved environmental performance relative to
other technologies [50]. We screened the green patents using the International Green Patent
Inventory published by the World Intellectual Property Organization. Patent data generally
has the problem of duplicate data from the same application with different publication
numbers. This study deleted duplication data according to the same application documents
and counted them according to the oldest application date. The data was monthly from
January 2016 to January 2021. Data from 2016-2018 was set as the control group, and
data from 2019-2021 was set as the treatment group. Each group contained data from
36 periods and 27 provinces. Data collection took place in May 2022; therefore, the undis-
closed problem of invention patents applied in 2021 can be ignored.

3.1.2. Provincial-Level Data in China

Provincial-level data mainly came from the annual and quarterly provincial data on
the National Bureau of Statistics of China website. Due to the problem of missing data,
data from Tibet, Qinghai, Hainan, Hong Kong, Taiwan, and Macau were not included. The
time interval of the regional-level data was 20152020, which meant there was a one-year
lag between the independent and dependent variables.

3.2. Estimation Strategy

In economics, a quasi-natural experiment is not quite an experiment [51]. A quasi-
natural experiment occurs when some exogenous event changes the environment in which
individuals, firms, or regions operate [52]. The outbreak of the COVID-19 pandemic was
an exogenous random event. Before and after the pandemic, the green technological
innovation environment in which regions operate has been heterogeneous. Therefore, the
impact of the COVID-19 pandemic on green innovation can be studied as a quasi-natural
experiment. The DID method was used to evaluate the impact because this method can not
only make use of the exogeneity of the explanatory variables but also control the influence
of unobtrusively individual heterogeneity on the explanatory variables [53].

The premise of our research was that green technological innovation has changed
significantly during the COVID-19 pandemic compared with the control group. This
research examined the level of green technological innovation from the monthly number
of green invention patent applications from three dimensions: firms, universities, and


https://www.patsnap.com/

Sustainability 2022, 14, 10385

50f 15

firmuniver;

firm—university collaborations. Based on the identification strategy of DID, the baseline
regression model of this study was as Equation (1):

Bo1 B11 Bt €t
= Boz | + | Bz |treat xafter+ | B |Control + v+ ui+ | ein 1)
Boz B13 B23 €ir3

In Equation (1):

The subscript i and t represent individual and time, respectively.

The independent variables firm, univer, and firmuniver represent monthly new green
invention patent applications of firms, universities, and their cooperation. For f, taking
December 2016 and December 2019 as the event points, respectively, with —12, —11, ...,
—1, indicating the 12th, 11th, ..., first months before the event point, 1,2, ... , 24 represent
the 1st, 2nd, ... , 24th after the event point.

The dependent variables treat and after are dummy variables. When the year is between
2019 and 2021, treat takes 1, otherwise it takes 0. When t > 0, after takes 1, otherwise it
takes 0.

Control is a vector that contains a set of control variables. According to the theoretical
analysis in Section 2.1, the main influencing factors are controlled from three dimensions,
including supply-driven factors (total number of firms (TNF), total number of universities
(TNU), government spending on science and technology (GS&T), number of research and
development persons (R&D person)), demand-pull factors (gross domestic product (GDP),
population, and urban area), and environmental regulatory factors (NOx emissions (airplu)
and industrial water consumption (induswater)).

Individual fixed effects y; control the characteristics of each region that do not change
with events, such as natural endowments and climatic conditions. The time-fixed effect
i controls time factors common to all regions, such as technological paradigm changes,
macroeconomic cycles, and related policy changes.

The descriptive statistics of each variable are shown in Table 1. The software used for
statistical analysis was STATA 17 [54].

Table 1. The descriptive statistics of each variable.

Variable Description Units N Mean SD Min Max
firm The monthly numl?er pf flrlms green invention 1 1944 2803 4099 1 3405
patent applications in a province
university The monthly number of universities” green 1 1944 8992 9971 0 688
invention patent applications in a province
The monthly number of firm—university
firmuniver collaborations’ green invention patent 1 1944 13.75 2450 0O 438
applications in a province
TNF The yearly number of firms in a province 100 1944 361.6 300.0 33.14 1501
TNU The yearly number of universities in a province 1 1944 9432 3552 18 167
GS&T The yearly government spending onscienceand 50 ajion vuan 1944 1740 1941 1725 1169
technology in a province
R&D person e yearly number of research and development 3300 1orgon 1944 1512 1290 1.300 71.70
persons in a province
GDP The monthly GDP of a province 1000 million yuan 1944 3127 2270 2579 1112
population The yearly population of a province 10000 persons 1944 5015 2807 684 12624
urban area The yearly urban area of a province 100 sq. km. 1944 7056 5391 9.510 239.5
airpolu The yearly NOx emissions of a province 10000t 1944 4259 41.84 3.780 175.8
induswater The yearly industrial water consumption 100 million cubic 1944 4497 4871 3 255.2

meters
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4. Results
4.1. Main Results
4.1.1. Graphical Results

Figure 1 shows the time trend of the output of green invention patent applications
for all provinces in the treatment and control groups. The trend in Figure 1 can pro-
vide information as to whether there is a difference in green inventions before and after
the event point. The ordinates of Figure la—c represent the output of green invention
patent applications for firms, universities, and firm-university collaborations, respectively.
Therefore, the trend difference before and after the pandemic between the treatment and
control groups can be visually displayed. From the dotted-line graph, it can be seen that
the parallel trends in all three sub-figures are changed significantly after the event point
(t = 0). From the trend-fitting line of Figure 1, the parallel trend of the two fitted lines is
more obvious before the event point than after that. After the event point, the change of
parallel trend in Figure 1a is more significant than the other two sub-figures. However, it
can be seen that the parallel trend in all sub-figures changed significantly about 12 months
after the event point. Overall, after the outbreak of the COVID-19 pandemic, the differ-
ence in green-invention-patent output between the treatment group and the control group
shows a trend from increasing to decreasing. Compared with the university, the change
of this difference is more obvious in the green invention patent application of firms and
firm-university collaborations. Therefore it meaningful to further analyze the impact of the
pandemic on green inventions and the difference of this impact on firms, universities, and
firm-university collaborations.

800 : ] kg ]
- : £ 200 T gg ]
€ « . D, 1 = «9oU 7]
= £9997 ) . & 5150 ] 2 525
- = o T = = = -
S 2 4007 MEZ E100d s £ 320
3 5 S a [ 9 e alb-
E & ] o o | peo G 5 = 5 2{ .\/ e OOP 55 10 ]
272007 Y ey T 507 .ooeooeao"'\éf o 2 ]
o : g | : ol
O+ T 7T T 7T T T T 71 O+ T T T T T +T T 71 O+— T 7T T 7T T +rT T 71"
-15-10 -5 0 5 10 15 20 25 -15-10 -5 0 5 10 15 20 25 -15-10 -5 0 5 10 15 20 25
time (month) time (month) time (month)
(a) (b) (c)
‘—‘— treat —O— control fitline of treat- - - fitline of control‘

Figure 1. Time trends of different types of green invention patent applications: (a) firms, (b) universi-
ties, (c) firm—university collaborations.

4.1.2. Regression Results

The baseline model estimation results are presented in Table 2. The dependent vari-
ables in models (1), (3), and (5) are firm, university, and firmuniver, respectively. We
included individual and time effects in these models. We further added other control
variables in models (2), (4), and (6), in which the dependent variables were firm, university,
and firmuniver, respectively. In all models, the coefficient of treat x after was significantly
positive. This result shows that the COVID-19 pandemic has significantly promoted green
invention. The coefficient values of treat x after in models (2), (4), and (6) showed a decreas-
ing trend. This result is consistent with the decreasing scale of green invention patents of
firms, universities, and their collaborations based on Table 1. It shows that the model has
good economic significance.
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Table 2. The regression results.
@ ) 3) @ (5) 6)
firm firm university university firmuniver firmuniver
treat x after 96.316 *** 51.222 *** 58.181 *** 37.846 *** 10.636*** 8.727 ***
(9.546) (3.978) (23.679) (12.281) (13.799) (8.071)
—0.134 0.110 *** 0.004
GDP (—1.340) (4.59) (0.437)
0.507 *** 0.189 *** —0.009
TNF (3.987) (6.192) (—0.862)
airpolu —0.420 ** —0.197 ** —0.040 **
(—2.889) (—5.661) (—3.286)
1.335 *** 0.320 *** 0.062 ***
GS&T (11.182) (11.196) (6.150)
rban area 2.047 ** 1.991 *** 0.415 ***
u re (2.598) (10.558) (6.267)
*kk * _
induswater 6.690 0.627 0.009
(6.180) (2.422) (—0.104)
* _ k% _ *%
population 20.119 9.616 2.165
(2.518) (—5.027) (—3.225)
—5.404 ** —0.788 * —0.055
TNU (~3.285) (~2.002) (~0.396)
4784 * —0.907 * 0.928 ***
R&D person (2.284) (—1.809) (5.275)
Vi Yes Yes Yes Yes Yes Yes
Wi Yes Yes Yes Yes Yes Yes
N 1944 1944 1944 1944 1944 1944
adj. R? 0.796 0.847 0.795 0.852 0.666 0.699

firm;
univer;;
firmuniver;,

Note: t statistics in parentheses; * p < 0.1, ** p < 0.01, ** p < 0.001

4.2. Robustness Tests
4.2.1. Parallel-Trend Test

The validity of the DID model results requires several preconditions. One primary
condition is whether there is a significant change in the difference between the treatment
group and the control group before and after the event point. This study used the event-
analysis method to explore the dynamic effects of the impact of the pandemic. Specifically,
the after in Equation (1) is replaced with dummy variables of different periods. This study
used dummy variables of different quarters before and after the event point. The model
was constructed as Equation (2):

8
Y. PBiistreat x periods
4

Bor 'y B2t €irl
Boz + Y. PBiostreat x periods + | Bz |Control + v + p; + € (2)
Bo3 s= B23 €ir3

8
Y. PBisstreat x periods
s=—4

In Equation (2):

The subscript i and t represent individual and time, respectively.

The independent variables firm, univer, and firmuniver represent monthly new green
invention patent applications of firms, universities, and their collaborations. For ¢, taking
December 2016 and December 2019 as the event points, respectively, with —12, —11, ...,
—1, indicating the 12th, 11th, ..., first months before the event point, 1,2, ... , 24 represent
the 1st, 2nd, ... , 24th after the event point.

The dependent variable treat is the dummy variable. When the year is between
2019-2021, treat takes 1, otherwise it takes 0. period) is the fourth quarter of 2019 corre-
sponding to the event point. If subscript s is a negative number (—4 < s < 0), it means
the period corresponding to the s-th quarter before the pandemic outbreak, and a positive
number (0 <s < 9) means the period corresponding to the s-th quarter after the outbreak.
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I

50
I

coefficient of firms

Control is a vector that contains a set of control variables which are same as those in
Equation (1).

The results in Figure 2 show that the parallel trend hypothesis can be completely
passed when firms’ green invention patents is the dependent variable. When the universi-
ties and firm—university collaboration’s green invention patents are dependent variables,
the parallel trend is a little bit poor, but the coefficients have a significant difference before
and after the pandemic outbreak, proving that the estimation satisfies the parallel trend
assumption [55,56].
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Figure 2. The results of the parallel-trend test.

4.2.2. Placebo Tests

The promotion effect of the COVID-19 pandemic on green invention patents may be
interfered with by other non-observed omitted variables. A placebo test is conducted to
exclude this interference. The specific idea is to make the impact of the core independent
variables on the dependent variables random and then repeat this process 500 times.
Figure 3 shows the probability density distribution of the estimated coefficients. The
dependent variables of the corresponding models in Figure 3a—c are the green invention
patent output of firms, universities, and firm—university collaborations. The mean values
of the randomly processed estimates in the three sub-graphs of Figure 3 are —0.320, —0.077,
and —0.006, respectively. These values are very close to 0, and the mean p-values are
insignificant. The estimated results of the baseline regression model in Table 2 are far
outside the entire distribution. Therefore, the hypothesis that there is interference from other
non-observed missing variables should be rejected. This result shows that the promotion of
the COVID-19 pandemic on green technology innovation is real.

0.600 -
0.2004

0150+
0.400

Density
Density

0.1004

0.200 4

0.050+

/

00004 ° |

00004 -’ i

T T
-20.000 -10.000

Treatment Effect for firm
reference nomal, mean -0.320‘(m)ean of p_value 0.507
a

|
T
0.000

T T T T T

-2.000 -1.000 0.000 1.000 2.000
Treatment Effect for univer Treatment Effect for firmuniver

reference normal, mean -0.077, mean of p_value 0.497 reference nomal, mean -0.006, mean of p_value 0.484

(b) (c)

T T T T
10.000 20.000 -5.000 5.000

Figure 3. Kernel density of 500 estimates.
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4.2.3. Triple-Difference Estimation

The green invention patents of different organizations may also be affected by other
policies or scenario factors, which may bias the estimation results. This study used the
triple-difference method to test the impact of other policies or factors. The triple-difference
method requires that other policies selected were not affected by the pandemic. This study
selected policies that may have had an impact from two perspectives. The first perspective
was the policy factors before the outbreak of the COVID-19 pandemic. This study used two
policies, the carbon- and SO,_emissions-trading pilot policies, which have been proven to
significantly impact the green economy in previous research [57]. The second perspective
was the scenario factors after the outbreak of the COVID-19 pandemic. This study used the
dual carbon targets, which are the basis of the policy background, as the scenario factor [58].
The estimated model for triple-difference was as follows:

B T/ treat x DV; x after

firmg Bo1 Bon o
j treat x DV,
univer; =\ Boz | + i ! + | Bxn |Control+yi+pui+ | €in €)
firmuniver; B B3 DV; x after f i

! ® Bia treat X after 23 i3

where DV represents the I-th indicator of policy or factor, I = 1, 2, 3. When or where the I-th
policy or factor has taken effect, DV; =1; otherwise, DV; = 0. Tables 3 and 4 show the results
of the triple-difference model with the pilot policy of emissions rights and the dual-carbon
targets as the indicator, respectively.

Table 3. Results of triple-difference estimation using the indicator of pre-policies.

SOZ COZ
ey 2 3) @ (5) (6)
firm university firmuniver firm university firmuniver
16.592 17.052 *** 2971
50 x after (0.765) (3.317) (1.636)
SO, X treat 16.543 32.716 *** 5.548 **
2 (0.717) (5.987) (2.875)
—32.088 —26.317 *** —2.442
treat x SO, X after (~1.097) (—3.796) (—0.997)
83.595 ** 4.407 2.748
CO; x after (3.120) (0.697) (1.213)
CO> X treat 123.309 *** 34.776 *** 9.865 ***
2 (3.999) (4.778) (3.786)
. —26.402 12.127 —5.438 *
treat x COz x covid (~0.706) (1.374) (—1.721)
treat x after 58.321 *** 36.258 *** 7.601 *** 33.885 * 27.985 *** 8.168 ***
(3.895) (10.220) (6.066) (2.410) (8.431) (6.873)
time effect Yes Yes Yes Yes Yes Yes
Vi Yes Yes Yes Yes Yes Yes
Ui Yes Yes Yes Yes Yes Yes
N 1944 1944 1944 1944 1944 1944
adj. R? 0.847 0.855 0.700 0.851 0.859 0.701
1 —12,588.558 —9789.558 —7766.281 —12567.231 —9760.710 —7763.887

Note: t statistics in parentheses; *p<0.1,*p<0.01,**p <0.001

In Table 3, the indicators of the policy in models (1)—~(3) are dummy variables for the
pilot policy of SO;-emissions-trading rights (SO;), and the indicators of the policy in models
(4)—(6) are the pilot policies for carbon emissions-trading-rights dummy variable (CO,).
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Table 4. Results of triple-difference estimation using the indicator of post-factor.
() 2 (3)
firm university firmuniver
treat x carbon x after 46.947 49.392°% 9160
(2.963) (13.114) (6.864)
vi Yes Yes Yes
Ui Yes Yes Yes
Control Yes Yes Yes
N 1944 1944 1944
adj. R? 0.847 0.854 0.696
i —12,592.850 —9799.556 —7782.687

Note: t statistics in parentheses; ** p < 0.01, *** p < 0.001

It can be seen from model (2) in Table 3 that the coefficient of treat x SO, X after
is significantly negative, while the coefficients of SO, x after and SO, X treat are both
significantly positive. The positive coefficient of SO, x after indicates that provinces that
pilot the SO,-emissions-rights policy have a significantly higher green-invention-patent
output after the event point than provinces not implementing the policy. The positive
coefficient of SO, X treat indicates that provinces that pilot the SO,-emissions-rights policy
have a significantly higher green invention patent output after 2019 than provinces not
implementing the policy. The negative coefficient of treat x SO, X after indicates that the
green invention patent output of universities in the pilot provinces of the sulfur-emissions-
trading policy was significantly lower than the average output of other provinces after
the COVID-19 pandemic outbreak. This result shows that the COVID-19 pandemic has
weakened the implementation effect of the sulfur-emissions-trading policy.

Similarly, it can be seen from model (6) in Table 3 that the coefficient of treat x CO, x after
is significantly negative, while the coefficients of CO;, X after and CO, X treat are both
positive. This result shows that the outbreak of the COVID-19 pandemic has weakened the
implementation effect of the carbon-emissions-trading policy.

In Table 4, the indicator carbon in models (1)-(3) is a dummy variable for the scenario
factor dual carbon targets. When t > 8, carbon = 1. Otherwise, carbon = 0, as the dual carbon
targets were public in September 2020. This dummy variable has complete collinearity
with treat X carbon, carbon x after, and treat x after. Therefore, only the coefficient of
treat x carbon X after is displayed. The result is no significant difference from the results
in the baseline regression model. The dual carbon targets before 2021 did not have a
significant impact on the influence of the COVID-19 pandemic.

4.3. Heterogenous Effect
Parallel-Trend Test

The triple-difference model has shown that the impact of the COVID-19 pandemic
has a heterogeneous impact on the output of different types of green invention patents
in different regions under different policy scenarios. This section further studies the
heterogeneous impact of the severity of the pandemic on the output of green invention
patents from the perspective of geographic latitude. The initial outbreak area in China was
Hubei Province. Prevention and control measures were not in place when the pandemic
first broke out. Therefore, the impact of the COVID-19 pandemic in Hubei Province and
surrounding areas was originally different from other areas. Therefore, we divided the
sample into two parts, one was the data from Hubei Province and its surrounding areas, and
the other was the data of other regions. The regression models were estimated separately
for these two parts of the data. Table 5 shows the estimated results. The coefficient value of
treat x covid in non-Hubei surrounding areas was significantly higher than that in Hubei
and surrounding areas, indicating that the pandemic’s severity significantly impacted the
promotion effect on green invention patents.



Sustainability 2022, 14, 10385 11 of 15
Table 5. Heterogeneous effect of the COVID-19 pandemic.
Hubei and Surrounding Areas Non-Hubei Surrounding Areas
@ 2 3) @ (5) (6)
firm university  firmuniver firm university  firmuniver
treat X covid 56.012 * 31.478 *** 6.003 *** 65.124 *** 38.318 *** 9.031 ***
(2.512) (5.858) (4.836) (4.164) (10.209) (6.605)
Yi Yes Yes Yes Yes Yes Yes
Ui Yes Yes Yes Yes Yes Yes
Control Yes Yes Yes Yes Yes Yes
N 504 504 504 1440 1440 1440
adj. R? 0.702 0.791 0.574 0.860 0.862 0.706
1l —2992.029 —2274.782  —1536.240  —9428.877  —7373.892  —5919.670

Note: t statistics in parentheses; * p < 0.1, *** p < 0.001

5. Discussion

This study took the impact of the COVID-19 pandemic on green inventions as a quasi-
natural experiment. A DID model was used to evaluate the causality from the pandemic
on green inventions. The literature review in Section 2.2 shows that previous studies found
that there are two contradictory views on the impact from the COVID-19 pandemic on
green inventions: one view is optimistic and another view is conservative. The results of
this study suggest that in terms of the number of green technology inventions, we can
support the first view. However, this result is still disturbing, and readers may wonder
if there is a contingency of this result, or they may still guess that other factors may have
caused the increase in green inventions. Therefore, we will try to discuss this result by
comparing it with other research results and the theoretical background.

First, the main theoretical contribution of this study is that we evaluated the impact of
anew exogenous factor on green inventions. The results indicate that there was a significant
difference of the green inventions before and after the outbreak of the COVID-19 pandemic.
Many previous studies have paid attention on the uncertainty of the process of R&D and
innovation. For example, Joseph Schumpeter, who constructed the earlier innovation
theory, proposed that crisis, which is defined as the result of external things acting on the
economic field and causing interference, can breed innovation and development [22]. The
mechanism of exogenous factors such as a pandemic on green inventions can reference
to the theory of emergency administration. There are several types of the emergencies
in this theory [59]. Some of these, such as war or terrorism activities, have been proven
to have impact on the development of green technologies [60]. In this study, we found
that a public-health emergency can also influence green technologies that are evaluated by
technological inventions.

Second, although the impact of the COVID-19 pandemic on green inventions of firms,
universities, and firm—university collaborations is heterogeneous, this study found that,
on average, there is a promotion effect. The results were robust after the parallel trend,
placebo, and triple-difference tests. During this pandemic, Christopher Freeman’s theory
on the relationship between crisis and innovation was again in the spotlight [61]. Studies
based on this theory show that crisis can be both “opportunity” and “disaster” [62]. This
study’s positive results do not mean we need not worry about the negative impact of
the COVID-19 pandemic. However, the logic that green innovation is expected to grow
during and post the COVID-19 pandemic is, as Stern and Valero [63] said: “the potential
global impacts of the climate crisis are slower to materialize, but much graver than those
from COVID-19”, “the economic disruption caused by the pandemic, and the largescale
government interventions that have resulted from it, give rise to an opportunity for a
green recovery.”

Third, the precise reasons for and mechanisms by which the pandemic can promote
green inventions need more study. In this study, we find that the COVID-19 pandemic can
influence the role of other policies, such as the SO;-emissions-trading-pilot policy for the
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universities” green inventions. The results also showed that the dual-carbon goals have
had a slight effect on the change in green inventions. These results may provide evidence
for why and how the pandemic can promote green inventions. More studies are needed to
make the mechanism clearer.

Therefore, using a new data source and a quasi-natural experiment method, this study
effectively complements the existing empirical research on the impact of the COVID-19
pandemic on green inventions. At the same time, it also provides evidence for the theo-
retical logic of addressing the climate change crisis by responding to the destruction of
the pandemic.

6. Conclusions

In this paper, based on Chinese green-invention-patent data of firms, universities,
and firm—university collaborations in different provinces, we investigated whether the
COVID-19 pandemic significantly has impacted green technological innovation. A DID
model was used to estimate the impact. The study found that the COVID-19 pandemic
has promoted the green invention patent output of firms, universities, and firm—university
collaborations. The conclusion has good robustness after the parallel trend, placebo, and
triple-difference tests. The results of the triple-difference model and the heterogeneous-
effect analysis also showed that the COVID-19 pandemic has had a heterogeneous impact on
green-invention patents under different policy scenarios and the severity of the pandemic.
In summary, this study makes theoretical implications by evaluating the impact of a new
exogenous factor on green inventions.

The results of this study also provide practice implications. First, the way to cope up
with the pandemic should be different for different types of organizations. Firms’ green
invention activities seem more efficient because of the pandemic. This may increase the
industry’s competence. We suggest that managers of firms should consider the situation
and decide whether they need a change in strategy. Second, our results show that the
outbreak of the COVID-19 can influence the role of other government policies in green
inventions. That implies that policy-makers should judge the relationship between the role
of the pandemic and other policies, and they should make a policy system such that they
can take the “opportunity” of the pandemic and avoid the “damage” of the pandemic.

There are also limitations of this study. First, the main purpose of the DID model is to
test whether an exogenous event makes difference for the treatment objective at an average
level, although it hardly captures the time-lag of the impact. Second, the precise reason
and mechanism for why and how the pandemic can promote green inventions is still not
clear. Problems resulting from these limitations are also our future research emphasis.
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Appendix A

Table Al. Other quantify studies on the impact of the COVID-19 pandemic.

Data Source and

Perspective Reference Dependent Variable Independent Variable Sample Size Conclusion Intermediate Variables
Induvidual [39] New p;)tiﬁgozl;mhase Percei\gg\sgvDerity of Survey by authors (459) Positive Nofitfigiee;,nsie:grch
Induvidual [40] Eco-friendly lifestyle Per;eg‘iioerrlrgi the Survey by authors (1103) Positive Digital skills, education level
Induvidual [41] aﬁfqglelizle %;E?:\‘eeagzit‘i]\i/tiitei; l?g’é?gi% i:;lgegr;}lf Survey by authors (1796) Positive Local facilities
R 1] bewemcomedyfms  Sooiellmage o mblcduoold g, Fem i
Firm [13] The adopi)rtlir(l)gvzrtz\;i;:nmental The COVID-19 crisis Survey by authors (526) Negative Strategic responses
Firm [43] Enterprise innovation (R&D Epidemic shocks ) Public data of listed Negative Ir}fﬁ;?;ﬁ;ig;}s}gﬁ:y’
expenditure) (COVID-19 and SARS) firms (more than 20000) economic policy uncertainty
Firm [44] SMEs performance The COVH.}B Survey by authors (313) Negative aﬁg?ﬁ;&;gﬁi}iﬁ;ﬁgﬁfﬁfy]
pandemic remote work
Firm o] commanee T et Survey by authors (3)  Negative Global financial crisis
Region [46] Oil and electricity demand Epidemic status Public data (365) Negative Export income, GDP
(infected people) growth, etc.
Region [47] Pollutant concentration gg@%ﬁ;ﬁf;gg& Public data (7810) Negative Rema%llrr;%gp ?}}nleu]tjg;ei?urces
esponse period
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