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This study examines the impact of sectoral innovation patents on CO2 emissions in China
from 2000 to 2022 using an ARDL approach. Results show that renewable energy and
transportation innovations reduce emissions, while industrial innovation and trade
openness increase them in the absence of strong policy support. Agricultural innovation
and environmental policy stringency have no direct long-term effects. These findings
highlight the need to align innovation with sustainability goals, particularly SDGs 7, 9,

and 13.

I. Introduction

Achieving sustainable development requires balancing
economic growth with environmental protection. Sectoral
innovation, especially in agriculture, energy, industry, and
transportation, is central to this transition, as these sectors
account for the bulk of emissions and resource use. Patents
serve as proxies for technological progress that enhances
efficiency and supports cleaner production (Acemoglu et
al., 2012; Popp, 2002).

As the world’s largest CO, emitter and a global leader in
patent filings, China presents a compelling case to assess
how innovation affects environmental outcomes. National
initiatives such as the Innovation-Driven Development Plan
and Made in China 2025 have catalyzed investment in re-
newable energy, precision agriculture, and electric vehicles.
Yet, it remains unclear whether these innovations lead to
tangible emission reductions and under what policy frame-
works such outcomes are realized.

Grounded in Schumpeterian and endogenous growth
theories (Romer, 1990; Schumpeter, 1934), recent research
has explored how green innovation contributes to long-
term sustainability. The Porter Hypothesis posits that well-
designed environmental regulation can stimulate innova-
tion with dual ecological and economic benefits (Porter &
Van der Linde, 1995). Similarly, the Environmental Kuznets
Curve (EKC) suggests that income growth may eventually
decouple from environmental degradation through innova-
tion and policy reform.

Empirical studies have shown that sector-specific inno-
vations yield varying environmental effects. In agriculture,
technologies like precision farming and biotechnology may
reduce emissions, though outcomes are context-dependent
(Wang et al., 2024). Renewable energy patents are linked
to long-term emission reductions (H. Li et al., 2025), while
industrial innovation may backfire due to rebound effects
such as the Jevons Paradox. Transport-related advances
consistently reduce emissions and generate productivity
spillovers (Ling et al., 2024).

Despite China’s extensive progress in innovation policy,
there remains limited empirical evidence on whether sec-
tor-specific technological advancement contributes to
emission mitigation under the country’s unique institu-
tional and trade conditions. Previous research often treats
innovation as an aggregate phenomenon, overlooking the
heterogeneous environmental effects across sectors. This
study is motivated by the urgent need to clarify these dif-
ferential impacts and to provide evidence-based insights
supporting China’s green transformation in alignment with
SDGs 7 (Affordable and Clean Energy), 9 (Industry, Innova-
tion, and Infrastructure), and 13 (Climate Action).

This study highlights the dynamic interplay between in-
novation and policy. While moderate policy stringency can
stimulate green patenting by creating incentives for cleaner
technologies (Jaffe et al., 2002), excessively rigid regulatory
frameworks may impose compliance burdens that discour-
age innovative activity. This study addresses a gap in the
literature by systematically analyzing the joint effects of
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sectoral innovation, policy, and trade openness on China’s
CO2 emissions from 2000 to 2022 using an ARDL frame-
work.

I1. Data and Methodology

This study examines the impact of sectoral innovation
in agriculture, energy, industry, and transportation on CO-
emissions in China from 2000 to 2022. Innovation is prox-
ied by sector-specific patent data from EPO PATSTAT, while
data on emissions, GDP per capita, trade openness, and
environmental policy stringency (scaled 0-6) are obtained
from the World Bank and OECD. Together, these variables
allow for a comprehensive assessment of how technological
progress and policy environments jointly shape China’s en-
vironmental outcomes.

To estimate both short- and long-run effects, the study
employs the Autoregressive Distributed Lag (ARDL) model,
which accommodates small samples and variables with
mixed integration orders [I(0), I(1)]. This framework cap-
tures dynamic adjustments in the innovation-emissions
nexus. The ARDL (p, q) model is specified as follows:

p q
ACOy = o + Z Bi ACOg4—; + Z’Yj AXy 1)
i=1 =0
+pCO2 1+ Xy 1 + &4
where CO: represents per capita emissions and X; is the
vector of explanatory variables:
_ (GDP;, AGRy, IND;, RENEW, 5
b (TRANSt, EPS,, TO, ) )
where GDP denotes income level, AGR, IND, RENEW, and
TRANS indicate innovation patents in agriculture, industry,
renewable energy, and transportation, respectively. EPS
measures environmental policy stringency, TO is trade
openness, and < is the error term. The parameters 3; and
7; represent short-run adjustments, while ¢ and ¢ capture
the long-run equilibrium relationship.

Table 1 summarizes the variables’ distribution and cor-
relations. Skewness and kurtosis values indicate approxi-
mate normality. CO2 emissions show weak, mostly negative
correlations with innovation, implying modest mitigation
effects. Income correlates positively with innovation across
sectors, while trade openness relates negatively to agricul-
tural innovation and EPS, suggesting trade—environment
trade-offs. Descriptive statistics are reported in raw values,
while the subsequent analysis uses log-transformed vari-
ables to enhance interpretability and reduce heteroscedas-
ticity.

Figure 1 illustrates the evolution of sectoral innovation
patents in China from 2000 to 2022. Industrial patents
dominate, peaking in 2015 and declining slightly after
2020. Renewable and transport innovations rise sharply af-
ter 2005, reflecting the implementation of the Renewable
Energy Law (2005) and subsequent green technology sub-
sidies. The rapid growth of renewables after 2010 aligns
with China’s “12th Five-Year Plan,” which prioritized low-
carbon industries. Agricultural patents display steady but
modest growth, partly supported by the National Modern
Agriculture Innovation Program (2012). The post-2020 de-
cline in industrial and transport patents likely reflects

COVID-19 disruptions and temporary reallocation of R&D
resources, while agriculture and renewables remain rela-
tively stable.

IT1. Empirical Findings

Table 1 indicates that most variables are non-stationary
in levels but become stationary after first difference, con-
firming they are integrated of order one, I(1). While a few
variables (LNCO, LNIND) are stationary at level under some
specifications, the overall mixed integration justifies the
use of the ARDL approach, which accommodates 1(0) and
I(1) series.

Table 1 also confirms a valid long-run relationship, with
the ARDL bounds F-statistic (10.57) exceeding the 1% crit-
ical value. Diagnostic tests support model robustness: no
issues of misspecification (RESET), serial correlation
(Breusch-Godfrey), or heteroskedasticity (Breusch-Pagan).
Residuals are normally distributed (Jarque-Bera), and VIF
values indicate no multicollinearity.

Table 2 presents the short- and long-run estimates of
the ARDL model. In the short run, income (LNGDP) exerts
a negative and statistically significant impact on CO; emis-
sions, indicating that rising income levels contribute to im-
proved energy efficiency and cleaner production. Industrial
innovation and trade openness have significant positive ef-
fects on emissions, while renewable and transportation in-
novations show negative and statistically significant rela-
tionships, confirming their short-term mitigation roles. EPS
and agricultural innovation remain insignificant. The error
correction term is negative and highly significant, confirm-
ing a stable long-run relationship. It suggests that approxi-
mately 51.5% of short-run deviations are corrected each pe-
riod, guiding the system toward equilibrium. The model’s
high R-squared value further indicates strong explanatory
power.

In the long run, income continues to exert a negative
and statistically significant effect on CO. emissions, con-
sistent with the EKC hypothesis, whereby economic growth
initially increases but later reduces environmental degra-
dation through structural transformation and technological
upgrading. Renewable and transport innovations sustain
their emission-reducing effects, reinforcing their impor-
tance for long-term decarbonization. Conversely, industrial
innovation and trade openness have significant positive
long-run effects on emissions, while agricultural innova-
tion and environmental policy stringency remain statisti-
cally insignificant.

Figure 2 presents CUSUM and CUSUMSQ test results,
confirming the ARDL model’s structural stability. Test lines
stay within 5% bounds, with no structural breaks detected,
even during the 2008 crisis or COVID-19, supporting the
model’s robustness and long-run reliability.

To contextualize these findings within the broader liter-
ature, our empirical results demonstrate strong alignment
with prior studies emphasizing the environmental bene-
fits of sectoral innovation, particularly in renewable energy
and transportation. Consistent with Abbas et al. (2024),
the negative association between renewable energy patents
and CO- emissions reflects the effectiveness of clean energy
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Table 1. Descriptive statistics, correlation matrix, unit root, ARDL bound and diagnostic tests results

Panel A. Descriptive statistics

Variable Obs. Mean Std. Min. Max. Skewness Kurtosis
dev.
CO:z 23 5.974 1.700 2.87 8.025 -0.626 1.975
GDP 23 5829.9 3969.8 969.1 12970.6 0.296 1.805
AGR 23 36.09 38.34 0 126 0.7869 2.469
IND 23 529.2 475.2 3 1405.6 0.3580 1.691
RENEW 23 440 32.32 0 112 0.2376 2121
TRANS 23 29.95 25.41 0 918 0.7660 2.786
EPS 23 1.693 1.025 0.22 3.13 0.0028 1.393
TO 23 46.21 9.553 34.75 64.47 0.6106 2.036

Panel B. Correlation matrix

LNCO:2 LNGDP LNAGR LNIND LNRENEW LNTRANS EPS LNTO
LNCO: 1.000
LNGDP 0.012 1.000
LNAGR -0.003 0.833" 1.000
LNIND 0.009 0.741” 0.395” 1.000
LNRENEW -0.040 0.795” 0.206™ 0.220” 1.000
LNTRANS 0.056 0.510” 0.060” 0.267" 0.344" 1.000
EPS -0.134 0.172" 0.120” 0.314" 0.186" 0.174” 1.000
LNTO 0.121 -0.503" -0.605™ -0.288 -0.274 -0.239 -0.470” 1.000
Panel C. Unit root test
Level First Difference
Variables Constant Constant and trend Constant Constant and
trend
LNCO: -3.699" -3.235" 4597 -4.689"™
LNGDP -1.738 -1.169 -3.5917 -3.963"
LNAGR -0.924 -1.174 -5.704™" -5.618""
LNIND -3.027" -0.797 -4.725™ -7.527""
LNRENEW -2.691 -2.752" -6.155"" -7.175™
LNTRANS -3.592™ -1.036 -5.242"" -5.820""
EPS -1.481 -1.765 -5.375™" -5.933"
LNTO -1.024 -2.264 -3.664" -3.2647"
Panel D. ARDL bound and diagnostic tests results

Model F- statistic Lag Bound test critical value
Model 10.57 3 1% 3.154.43

5% 2.553.68

10% 2.263.34
Tests LM-test Prob. Chi-squared-test t-test / F-test Prob.

Prob.

Ramsey RESET 0.1154
Breusch-Godfrey Serial Correlation LM 0.2708
Breusch-Pagan-Godfrey 0.7442
Heteroskedasticity
Jarque-Bera Normality 0.6426
Variance Inflation Factor (VIF) 2.13

Notes: In this table, CO, denotes carbon dioxide emissions (metric tons per capita); GDP represents real gross domestic product per capita (USD, constant prices); AGR refers to agri-
cultural innovation patents; IND denotes industrial innovation patents; RENEW indicates renewable energy innovation patents; TRANS represents transportation innovation
patents; EPS refers to environmental policy stringency; and TO denotes trade openness. Ln-prefixed variables ( LNCO2, LNGDP, LNAGR, LNIND, LNRENEW, LNTRANS, LNTO ) indi-
cate that natural logarithms are applied to stabilize variance and improve interpretability. The null hypothesis of the Augmented Dickey-Fuller (ADF) test assumes the presence of a
unit root. Test statistics are reported under both “constant” and “constant and trend” specifications at levels and first differences. *, **, and *** denote statistical significance at the
10%, 5%, and 1% levels, respectively. Diagnostic tests were evaluated based on their respective probability values against the 1%, 5%, and 10% significance thresholds. The
Breusch-Godfrey LM test shows no serial correlation, the Breusch-Pagan—Godfrey test indicates no heteroskedasticity, the Jarque—Bera statistic supports residual normality, and the
Ramsey RESET test suggests no functional misspecification. The variance inflation factor (VIF) further indicates the absence of multicollinearity.
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Figure 1. Trends in Sectoral Innovation Patents in China

Notes: See notes presented in Table 1 for acronym definitions.

Table 2. Short-term and long-term coefficients

Variable Coeffi. Std. Err. t-Stat. Prob.
Short-term Estimation
ALNGDP -8.814 12.606 -2.699 0.007
ALNAGR 0.222 1.296 0.172 0.871
ALNIND 4.868 2715 1.793 0.000
ALNRENEW -2.295 1.002 -2.291 0.000
ALNTRANS -4.209 2.086 -2.017 0.013
AEPS -0.632 0.822 -0.769 0.484
ALNTO 16.812 8.057 2.086 0.005
CointEq (-1)* -0.515 0.089 -5.749 0.000
R-squared 0.9059 Mean dependent var 7.041
Adjusted R-squared 0.5063 S.D. dependent var 0.939
Long-term Estimation
LNGDP -4.148 7.305 -2.567 0.005
LNAGR 1.078 1.317 0.821 0.427
LNIND 1.843 2.495 0.738 0.001
LNRENEW -3.722 1441 -2.582 0.061
LNTRANS -6.033 3.380 -1.784 0.008
EPS -1.386 0.860 -1.611 0.182
LNTO 11.364 7.307 1.555 0.000
C 25.830 25.081 1.029 0.061

Notes: See notes provided in Table 1 for acronym definitions. The table presents the short-run and long-run coefficients estimated using an ARDL model. Short-run dynamics are
captured through the differenced variables (A), while long-run relationships are derived from the lagged-level terms. The error-correction term, CointEq(-1), is negative and statisti-
cally significant, indicating convergence toward the long-run equilibrium following short-run shocks. Probability values are evaluated against the 1%, 5%, and 10% significance levels.
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Figure 2. Cusum and CusumQ Test
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Notes: The dashed lines denote the 5% significance bounds. The CUSUM and CUSUMSAQ statistics remain within the critical limits, indicating parameter stability.

innovation, echoing the role of policy-driven patenting dis-
cussed by Coussa et al. (2024) and the nonlinear dynamics
highlighted by Li et al. (2025).

Likewise, our findings are in line with Li et al. (2024)
on electric vehicle subsidies, Wang et al. (2024) on public
transport infrastructure, and Ling et al. (2024) on knowl-
edge spillovers that enhance productivity and sustainabil-
ity. In contrast, a positive link between industrial patents
and emissions concurs with Xie and Teo (2022), reflecting
the Jevons Paradox and concerns over low-value-added in-
novation. For agriculture, the results correspond with Wang
et al. (2024), who underline indirect environmental benefits
via food security and diffusion. Regarding EPS, our findings
diverge from Yan et al. (2024), who report positive effects
on green patenting, but are consistent with Hasan and Du
(2023), who highlight enforcement and financing gaps.

Finally, the negative long-run effect of income level sup-
ports the EKC hypothesis, suggesting income-driven decou-
pling of emissions, while the positive impact of trade open-
ness, in line with Wen and Zhu (2024), raises concerns over
scale effects and environmental leakage.

IV. Conclusion

This study explored the impact of sectoral innovation
patents on COz emissions in China from 2000 to 2022 using
an ARDL framework. Results show that renewable energy
and transportation innovations significantly reduce emis-
sions, while industrial innovation and trade openness in-
crease them, particularly in the absence of strong regu-
latory oversight. Agricultural innovation, though vital for
food security, has no direct long-run effect. The findings
indicate a conditional EKC pattern in which rising income
eventually supports decarbonization through structural
transformation and the adoption of cleaner technologies.
However, the insignificant effect of EPS reveals a gap be-
tween policy design and practical enforcement, underscor-
ing the need for more coherent regulatory frameworks,
stronger monitoring, and improved financing mechanisms
for green innovation. The results highlight that achieving
China’s long-term climate goals requires not only expand-
ing innovation capacity but also strategically directing in-
novation toward sectors with the greatest mitigation po-
tential.
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