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Abstract

Market-based instruments for environmental governance have emerged as a central pillar
of China’s climate policy architecture, though their capacity to drive corporate green
innovation continues to be the subject of active scholarly debate. Drawing on a staggered
difference-in-differences identification strategy and a panel of Chinese A-share listed firms
covering 2008 to 2023, this study evaluates the impact of China’s carbon emission trading
scheme (CETS) pilot policy on firm-level green innovation. Our estimates indicate that
the CETS pilot policy significantly increases green patent applications, a finding that
proves robust for an extensive set of checks: parallel trends assessment, placebo exercises,
PSM-DID estimation, alternative estimation strategies, and varied sample constructions.
Heterogeneity analyses show that the innovation-enhancing effect is concentrated among
firms operating in non-regulated industries and located in the western region, and that
enterprises and regions endowed with stronger baseline carbon performance and higher
pollution control investment display amplified responses. Mechanism analysis shows
that the CETS pilot policy increases both operating costs and debt financing costs, yet
these two cost channels exert opposite effects on green innovation. Operating costs drive
innovation through cost-induced pressure, while financing costs inhibit innovation through
a crowding-out effect. The net-positive effect suggests that the innovation-inducing effect
of operating costs outweighs the innovation-inhibiting effect of financing costs. This study
recommends maintaining stable carbon price signals, implementing complementary green
finance policies, providing differentiated support for low-capability firms and regions, and
accounting for spillover effects in policy evaluation.

Keywords: carbon emission trading scheme; green technological innovation; environmental
regulation

1. Introduction

A considerable distance remains between present climate pledges and the temperature
objectives set forth in the Paris Agreement. Recent analyses suggest that the nationally
determined contributions submitted to date fall short of the reductions needed to keep
global warming below 2 °C, underscoring the pressing demand for more potent mitigation
tools. Realizing deep decarbonization calls for not only stronger policy frameworks but
also instruments capable of spurring technological change within individual firms. As the
globe’s foremost carbon emitter, China occupies a critical position in international climate
governance. In working toward its “Dual Carbon” targets, the country must navigate
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the twin imperatives of maintaining economic momentum while cutting emissions more
rapidly. Yet recent statistics indicate that the rate at which carbon intensity is declining
may be insufficient: a 3.4% drop was recorded in 2024 [1], a pace that likely trails the trajec-
tory required for a 1.5 °C-compatible pathway. Under these circumstances, conventional
command-and-control approaches appear increasingly inadequate, and market-oriented
mechanisms—most notably the carbon emission trading scheme (CETS)—have moved to
the center of China’s climate policy architecture.

China’s CETS has undergone a swift transition from subnational pilot programs to a
unified national framework. From 2013 to 2023, the pilot markets registered cumulative
transactions of roughly 440 million tons of carbon allowances, amounting to a total trading
value of 12.65 billion yuan. After the inauguration of the national carbon market in
2021, the mean carbon price rose from 42.85 yuan per ton that year to 68.15 yuan in
2023 [2]. Notwithstanding these advances, carbon prices continue to lag behind those
observed in more established regimes such as the EU ETS, and the dominance of free
allowance distribution could attenuate the incentive for enterprises to pursue meaningful
technological upgrading. These conditions raise a fundamental concern: is the CETS
genuinely capable of fostering green technological innovation (GTI) among firms?

The empirical record on China’s CETS and green innovation is far from uniform and
has grown increasingly subtle. Several investigations report that the introduction of the
CETS pilot policy markedly boosts green patent filings, an outcome attributed to cost-
prompted technological transformation and heightened competitive pressures in product
markets [3-5]. Other contributions, however, call attention to the possible displacement
of R&D expenditure or only modest gains in the efficiency of innovation, especially for
enterprises facing tighter financial constraints [6-8]. Beyond this, the policy’s efficacy has
been found to vary substantially across firms and locations, depending on dimensions such
as enterprise scale, ownership configuration, and the quality of local institutions [9,10]. An
additional layer of complexity involves the distinction between the volume and the caliber
of innovation. Although the CETS has generally expanded the volume of green patent
applications, the evidence on innovation quality is less definitive: some research points
to simultaneous improvements in both quantity and quality, while other work detects a
stronger impetus toward quantity expansion relative to quality upgrading [11,12].

Set against this landscape, the present study empirically investigates the influence of
China’s CETS pilot policy on firms” green technological innovation. Drawing on a panel
dataset covering Chinese A-share listed companies from 2008 to 2023, we deploy a staggered
difference-in-differences (DID) identification strategy coupled with a comprehensive suite
of robustness procedures. Our analysis extends beyond the aggregate effect to unpack
the heterogeneity of the policy impact across industrial sectors, geographic regions, and
dimensions of firm and regional capability, and further probes the cost-related channels
through which the policy operates.

This paper contributes to the existing body of knowledge along several dimensions.
First, it identifies a noteworthy spillover effect of the CETS pilot policy, showing that green
innovation is stimulated not only in the directly regulated sectors but also—and indeed
more prominently—in firms outside those sectors. Second, it documents an unconventional
regional pattern: the policy effect is most pronounced in the western region rather than in
the more developed eastern provinces, thereby challenging the received assumption that
innovation effects of environmental regulation concentrate in technologically advanced
areas. Third, it develops a dual-cost mechanism framework, demonstrating that the CETS
pilot policy influences green innovation through two competing cost channels—operating
costs and debt financing costs—which act in opposite directions. This framework extends
prior research by distinguishing between different cost channels, most of which have
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treated the innovation effects of carbon pricing as stemming from a single mechanism. Our
findings suggest that the net effect of carbon pricing depends on the relative strength of
these two channels, which is shaped by the financial and institutional conditions under
which firms operate.

The remainder of the article is organized as follows. Section 2 surveys the relevant
strands of the literature and formulates the research hypotheses. Section 3 describes the
data sources, variable construction, and empirical methodology. Section 4 reports the
empirical findings, encompassing baseline estimates, robustness checks, heterogeneity
analyses, and mechanism tests. Section 5 discusses the results in depth, and Section 6
concludes with policy implications and an acknowledgment of the study’s limitations.

2. Literature Review and Research Hypotheses
2.1. Determinants of Enterprises” GTI

The scholarship on the drivers of enterprises’ green technological innovation has
coalesced around three broad categories: the macro-level institutional setting, firm-internal
capabilities, and the external pressures exerted by stakeholders and market forces. These
three dimensions, while conceptually distinct, interact in shaping the innovation decisions
of firms.

At the macro level, environmental regulation and public policy are widely acknowl-
edged as principal exogenous catalysts of green innovation. Evidence from earlier work
indicates that appropriately crafted environmental policies can spur eco-innovation by
establishing regulatory expectations and creating market incentives for cleaner produc-
tion technologies [13-15]. Government subsidies for R&D and tax benefits targeted at
green activities further reinforce these incentives [16,17]. The design features of regulatory
instruments—including their stringency, flexibility, and predictability—matter considerably
for their innovation impact.

At the firm level, internal governance capacity and organizational resources also play
critical roles. Empirical evidence indicates that the adoption of environmental management
systems can enhance firms’ intrinsic motivation for green innovation through improved
internal governance mechanisms [18], while green supply chain management promotes
technological innovation by enhancing resource integration and increasing the value of
green innovation [19]. Corporate governance quality has also been positively associated
with green innovation [20].

At the external level, stakeholder pressure and market competition further shape
firms’ green innovation behavior. Stakeholder demands can directly influence innovation
decisions [21], while public scrutiny and environmental risk may incentivize firms to adopt
cleaner production technologies [22]. Competitive pressure within industries can stimu-
late firms to increase green R&D investment in response to technological advancements
by rivals [23], and knowledge spillovers through collaborative networks contribute to
enhancing innovation performance [24,25].

2.2. Relationship Between Environmental Regulations and Enterprises” GTI

The nature of the link between environmental regulation and firm-level technological
innovation remains an open empirical question, with two rival theoretical perspectives
framing the scholarly debate.

The first perspective, rooted in the cost crowding-out logic, maintains that environ-
mental regulation inflates compliance expenditures and consequently displaces resources
that would otherwise be directed toward innovation. A sizable empirical literature lends
support to this viewpoint. Palmer et al. [26] argued that regulatory mandates raise the cost
of doing business, compressing profit margins and thereby shrinking the funds available
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for R&D. Copeland and Taylor [27] demonstrated that regulatory stringency can induce
an industrial relocation effect, potentially shifting polluting activities toward jurisdictions
with more lenient standards rather than stimulating local innovation. Ben Kheder and
Zugravu [28] and Peng and Zhang [29] provided evidence that more exacting environ-
mental rules are associated with reduced attractiveness for industrial investment, further
corroborating the crowding-out narrative.

The second perspective, articulated in the Porter Hypothesis, contends that well-
designed environmental regulation can act as a catalyst for technological innovation,
generating what is termed an innovation compensation effect that ultimately enhances
business competitiveness [30]. Under this logic, regulation signals inefficiencies in current
production methods and motivates firms to explore cleaner, more efficient alternatives
that reduce both environmental impact and long-term costs. This view has garnered
empirical backing as well. Cainelli et al. [31] showed that environmental innovation calls
for distinct resource endowments, and Petroni et al. [32] underscored that the Porter
mechanism is contingent on firms” ability to appropriate the value generated by innovation.
Generally, more studies have found that market-based instruments—by affording firms
greater flexibility in compliance strategies—tend to outperform rigid command-and-control
measures in stimulating innovative activity [33-36].

More recent scholarship suggests that the regulatory—innovation relationship is neither
uniform nor monotonic. Several studies document a U-shaped relationship between
the intensity of regulation and green innovation, whereby moderate regulatory pressure
may initially suppress innovation before reaching a threshold beyond which the effect
turns positive [37,38]. The contextual conditions under which regulation encourages or
discourages innovation—including factors such as firm size, industry characteristics, and
the broader institutional environment—continue to attract active research interest [39—-41].

2.3. Effect of CETS on GTI

An expanding body of research has investigated the influence of CETS on enterprise
green technological innovation, with the focus progressively shifting from conceptual
discussions to firm-level empirical analysis.

Tang et al. [3] show that carbon trading induces technological change by altering
firms’ cost structures and innovation incentives. Similarly, Wang et al. [2] find that the
CETS intensifies competitive pressure and stimulates green R&D investment. Cheng
and Wang [5] further demonstrate that the policy operates through both pressure and
incentive effects. However, these positive findings are not universal. Several studies
report insignificant or even negative effects, particularly in the short term or among firms
with limited financial resources. For instance, Ren and Zhu [8] find that while carbon
trading promotes the quantity of green innovation, it fails to improve innovation quality,
suggesting that the policy may encourage strategic patenting rather than substantive
technological breakthroughs. More critically, Zhong et al. [7] document that certain policy
mixes, particularly the combination of carbon trading and smart city pilots, may trigger a
“green innovation bubble”—a phenomenon in which firms increase patent filings without
corresponding improvements in environmental performance or technological capability.
Xu et al. [6] further show that carbon trading generates negative spatial spillovers on
neighboring cities.

The policy impact also appears to be markedly heterogeneous across regions, although
the evidence on regional patterns is far from settled. Some studies report that the policy
effect peaks in the eastern region, attributing this to deeper financial markets, more robust
institutional frameworks, and superior technological infrastructure [9,42]. Others, however,
find that the strongest innovation responses emerge in the central and western regions,
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explaining that these areas possess larger untapped emission reduction potential and lower
marginal abatement costs [43,44]. Adding to the complexity, the magnitude and even the
direction of the effect have been found to differ across industries, ownership categories,
and firm size classes [45,46].

A further important distinction drawn in the recent literature is that between inno-
vation quantity and innovation quality. Lv et al. [11] furnished evidence that the CETS
pilot policy promotes both the volume and the quality of green innovation, though the
impact on quantity is relatively more pronounced. Zhong et al. [7] cautioned, however,
that some of the observed increase in green patenting may represent “false booms” that
are not matched by commensurate improvements in underlying technological capability,
raising concerns about the substantive value of policy-induced innovation.

Despite the richness of the existing literature, several gaps remain. First, the pre-
dominant focus on the direct impact of the CETS pilot policy on firms within regulated
sectors has largely overlooked the potential spillover effects on firms that are not directly
covered by the scheme. Second, while cost mechanisms have been discussed in theoretical
terms, the empirical literature has yet to disentangle the potentially countervailing effects
of different types of costs—namely, operating costs versus financing costs—on green inno-
vation. Third, the manner in which firms’ pre-existing capabilities and regional conditions
moderate the policy impact remains underexplored. This study seeks to address these gaps
by examining the CETS pilot policy through the lenses of spillovers, dual-cost mechanisms,
and capability-dependent heterogeneity.

To address these gaps, this study proposes four hypotheses:

H1. The CETS pilot policy significantly promotes corporate green innovation.
H2. The CETS pilot policy generates positive spillover effects on firms in non-regulated sectors.

H3. The policy effect is stronger among firms and regions with higher baseline carbon performance
and greater pollution control investment.

H4. The policy affects innovation through a dual-cost mechanism, wherein rising debt financ-
ing costs crowd out innovation, while rising operating costs induce innovation through cost-
induced pressure.

3. Data and Methodology
3.1. Data

The initial sample comprises all Chinese A-share listed companies from 2008 to 2023,
but excludes financial enterprises, ST/PT enterprises and enterprises with missing data on
key variables. Therefore, the sample has a total of 47,698 firm-year observations.

3.2. Methodology

A staggered DID is adopted to identify the causal effect of the CETS pilot policy on
GTIL This approach is preferred in our setting because the policy was implemented across
different provinces at different times, which naturally fits this framework and allows us to
exploit the variation in policy timing across regions for causal identification. The equation
is as follows:

GTlit = Bo+ B1DIDjs + BoXit + pi + At + €y 1

where i represents enterprises, t refers to time. GTI; is measured by the level of green
technological innovation of enterprise i in year t. DID}; is the core independent variable,
indicating whether enterprise i is located in the pilot area in year t. Xj; represents the
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control variables. In addition, y;, A; and e;; capture firm fixed effects, year fixed effects, and
random error, respectively. The coefficient of interest is 31, which captures the causal effect
of the policy on corporate green technological innovation.

3.3. Variables and Data Sources
3.3.1. Dependent Variable

Consistent with the literature [47], we measure GTI using the number of green patent
applications filed by firms. Patent data are retrieved from the China National Intellectual
Property Administration (CNIPA). To identify green patents, we adopt the International
Patent Classification (IPC) codes defined in the World Intellectual Property Organization
(WIPO) Green Inventory, specifically the Y02 and Y04 categories, which cover technologies
related to energy conservation, emission reduction, and clean energy.

3.3.2. Independent Variable

The core independent variable, DID, is a dummy variable indicating whether a firm is
subject to the CETS pilot policy in a given year. Specifically, for firms located in Beijing,
Tianjin, Shanghai, and Guangdong, DID takes the value of 1 for years from 2013 onward. For
firms in Hubei and Chongging, DID takes the value of 1 for years from 2014 onward. It takes
the value of 0 otherwise. Fujian province is excluded from the treatment group because
its pilot was not launched until the end of 2016, and its market design and institutional
environment differ considerably from the earlier pilots, which may introduce heterogeneous
treatment effects that could obscure the estimation of the average policy effect. This
approach is consistent with He [48] and Cong et al. [49]. We also perform robustness checks
by excluding Fujian from the sample to confirm that our results are not driven by this
sample choice.

3.3.3. Control Variables

To mitigate omitted variable bias and improve the precision of our estimates, we
include several control variables. Specifically, we control for human capital (HC), energy
structure (ES), and industrial added value (IAV) to absorb regional-level confounding
factors. The choice of these variables is grounded in the existing literature.

Human capital is included because regions with higher human capital accumulation
possess greater knowledge absorption and innovation capacity, which are conducive to
green technological innovation [42,43]. Energy structure captures regional differences in
energy mix, and regions with more optimized energy structures tend to face stronger low-
carbon transition pressures, which may stimulate green innovation [44]. Industrial added
value accounts for regional differences in industrialization and economic scale, as regions
with higher industrial added value tend to have more concentrated industrial activities and
greater pressure for green transition, which may influence firms’ innovation behavior [45].

In addition, all regressions also incorporate firm and year fixed effects to absorb
time-invariant firm heterogeneity and common time trends. Several variables that poten-
tially lie on the transmission path between the CETS pilot policy and firm innovation are
deliberately excluded from the baseline specification. These variables include corporate
carbon performance (CCP), investment in industrial pollution control (IPC), corporate
operating cost (COC), and corporate debt financing costs (DFC). Instead, they are reserved
for further analysis in the mechanism and heterogeneity sections. Table 1 summarizes
detailed definitions of variables.
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Table 1. Variable definitions.
Type Variable Sign Definitions
Dependent variable Slrrf;r:a’iei(c;nological GTI The number of green patent applications
Independent variable The CETS pilot policy DID Firms located in pilot areas are defined as 1,

and otherwise as 0

Control variables

The number of students enrolled in
Human capital HC institutions of higher education/The total
population in the region

Proportion of electricity consumption in

Energy structure ES the national total

Total industrial added value of the region

Industrial added value IAV (in 100 million yuan)

Other variables

Corporate carbon Reciprocal of total carbon emissions per

cce

performance million yuan of net sales
Investment in industrial Completed investment in industrial
. IPC . . s
pollution control pollution control (in 100 million yuan)
Corporate operating cost cocC Log of total operating cost of the enterprise

Financial expenses/Total liabilities at

Corporate debt financing cost DFC
year-end

4. Empirical Results
4.1. Descriptive Statistics

According to Table 2, the mean value of GTI is 1.798, with a standard deviation of
13.107 and a maximum of 941, indicating a highly right-skewed distribution. This pattern
is consistent with typical patent data in the literature, where most firms have few or
no green patents while a small number of firms hold a large stock of green patents. To
better understand the distribution, we examine its percentiles. The 25th, 50th, and 75th
percentiles of GTI are all zero, while the 90th, 95th, and 99th percentiles are 3, 7, and 32,
respectively, confirming the highly right-skewed nature of the dependent variable with a
large proportion of zero values. When comparing GTI across treatment status, the mean
values for the 2013 and 2014 treatment cohorts are 2.542 and 1.885, respectively, compared
to 1.388 for the control group. This preliminary comparison suggests a positive association
between the CETS pilot policy and green innovation.

Table 2. Descriptive statistics of the sample characteristics.

Variables N Mean SD Min Max
GTI 47,698 1.804 13.107 0 941
DID 47,698 0.311 0.463 0 1
HC 47,698 0.020 0.007 0 0.044

ES 47,698 0.267 0.427 0 3.927
IAV 47,698 1.831 1.358 0.003 4.924
ccr 33,103 0.399 0.627 0 3.915
IPC 33,103 26.375 22.784 0 141.646
CcOocC 34,597 11.980 1.612 0.106 19.651
DEC 46,149 0.003 0.054 —2.455 0.947

Regarding the control variables, the mean of human capital is 0.020, suggesting that
college students account for about 2% of the regional population on average. Energy
structure has a mean of 0.267, measured as the province’s electricity consumption share
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of the national total. Industrial added value averages 1.831 (in 100 million yuan), with
substantial variation across regions. Corporate carbon performance has a mean of 0.399 and
a standard deviation of 0.627 and has been winsorized at the 1st and 99th percentiles
to mitigate the influence of outliers. Investment in industrial pollution control averages
26.375 (in 100 million yuan), also exhibiting considerable regional disparities. For the
cost-related variables, the natural logarithm of operating costs has a mean of 11.980, based
on 34,597 observations after excluding cases with zero or missing operating costs. The debt
financing cost has a mean of 0.003, with a minimum of —2.455, reflecting that some firms
have negative financial expenses due to interest income exceeding interest expenses.

Overall, the descriptive statistics reveal substantial variation in green innovation and
firm characteristics across the sample, supporting the empirical strategy employed in
this study.

4.2. Empirical Results of the Baseline Model

Table 3 shows the baseline results. Column (1) is a simple OLS regression without any
controls and fixed effects, and the coefficient of DID is positive and significant. Column
(2) adds control variables, and the coefficient of DID drops to 1.137, but it is still statistically
significant at the level of 1%. Column (3) introduces both enterprise fixed effects and year
fixed effects without control variables, and the coefficient further drops to 0.877 (p < 0.05).

Table 3. Baseline results.

Variables 1) () (3) 4)
GTI GTI GTI GTI
DID 1.350 *** 1.137 *** 0.877 ** 0.916 **
(0.129) (0.136) (0.426) (0.411)
HC 30.770 *** 47.656
(8.705) (36.897)
ES —0.094 0.055
(0.143) (0.117)
IAV 0.222 *** 0.146
(0.045) (0.208)
Constant 1.384 *** 0.449 ** 1.531 *** 0.278
(0.072) (0.204) (0.123) (0.822)
Observations 47,698 47,698 47,698 47,698
R-squared 0.002 0.003 0.599 0.599
Year fixed effects NO NO Yes Yes
Firm fixed NO NO Yes Yes
effects

Note: ** and *** represent the significance levels of 5%, and 1%, respectively.

Column (4) represents our preferred specification, incorporating both the full set of
control variables and two-way fixed effects. The coefficient of DID is 0.916 (p < 0.05),
suggesting that the CETS pilot policy increases green patent applications by approximately
0.916 per firm-year on average. In terms of economic significance, relative to the sample
mean of GTI (1.798), this effect corresponds to an increase of about 51%. Statistical sig-
nificance is robust to the inclusion of firm fixed effects, which absorb all time-invariant
firm-specific characteristics (such as industry affiliation, ownership structure, and geo-
graphic location), and year fixed effects, which absorb common macroeconomic trends.
The R-squared increases substantially from 0.003 in Column (2) to 0.599 in Column (4),
confirming the strong explanatory power of the fixed effects.

Regarding the control variables, in Column (2), human capital and industrial added
value show positive and statistically significant coefficients, suggesting that regions with
higher education levels and greater industrial output tend to exhibit higher levels of green
innovation. However, once firm and year fixed effects are controlled for in Column (4),
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none of the control variables remain statistically significant. This is not surprising, as the
fixed effects absorb a substantial portion of the variation in these regional-level variables.
In other words, the explanatory power of regional characteristics is largely captured by
the firm fixed effects, which account for time-invariant heterogeneity at the firm level.
Therefore, the insignificance of these control variables in our preferred specification does
not undermine their relevance.

Overall, the results provide robust evidence that the CETS pilot policy signifi-
cantly promotes green technological innovation among Chinese listed firms, supporting
Hypothesis 1.

4.3. Robustness Tests
4.3.1. Parallel Trends Test

The credibility of the staggered DID design hinges on the parallel trends assumption,
which stipulates that, in the absence of the policy intervention, the treatment and control
groups would have followed comparable trajectories in green technological innovation. To
evaluate this assumption empirically, we adopt an event-study specification:

7
GTI; = Bo + . r \ BkDcurrent+x + B2 Xit + pi + At + €t (2)

where D eni1x denotes the temporal dynamics of the pilot policy for CETS. The variable
k represents the relative time to policy implementation, defined as the difference between
the year of observation and the policy adoption year. To mitigate the influence of extreme
leads and lags, values of k below —4 are set to —4, and values above 7 are set to 7. We set
the period immediately prior to the policy implementation as the baseline category and
omit it from the regression to avoid perfect multicollinearity. The remaining variables are
defined in the same manner as in the baseline specification. The parallel trends assumption
is considered to hold if the estimated coefficients on the lead terms (B, for k < 0) are
statistically insignificant, indicating no systematic differences between the control and
treatment groups prior to the implementation of the CETS pilot policy.

Figure 1 displays the outcomes of the parallel trends test. Prior to the policy inter-
vention, the coefficient estimates are not statistically distinguishable from zero, and their
confidence bands cover zero, suggesting that there were no meaningful pre-existing differ-
ences in trends between the treated and control groups. This result lends empirical support
to the parallel trends assumption.

Meanwhile, the post-treatment coefficients exhibit a clear lagged pattern. In the first
three years following the policy, the coefficients remain positive but statistically insignif-
icant, suggesting that the innovation response requires time to materialize. From the
fourth year onward, the coefficients become positive and gradually increase in magni-
tude. This pattern supports the Porter Hypothesis, indicating that the innovation com-
pensation effect takes several years to emerge after policy implementation and becomes
more pronounced over time as firms adapt to the regulatory pressure and accumulate
technological capabilities.

4.3.2. Placebo Test

To exclude the possibility that our estimates reflect the influence of unobserved con-
founders or stochastic fluctuations rather than a genuine policy effect, we perform an
in-space placebo exercise (Figure 2). Specifically, we randomly assign the treatment in-
dicator across firms and re-estimate the baseline specification, repeating this procedure
500 times. If the estimated policy impact is spurious, we would expect the placebo coeffi-
cients to be centered around zero with no systematic departure.
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Figure 1. Parallel trends test results.
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Figure 2. Placebo test results.

The placebo coefficients are centered around zero, indicating that randomly assigned
treatments produce no systematic effect. Our true estimate (0.916) lies in the right tail of
this distribution. The two-sided p-value is 0.026, implying that only 2.6% of the random
assignments produce placebo estimates larger in absolute magnitude than our true esti-
mate. This provides strong evidence that our baseline results are unlikely to be driven by
unobserved confounders.

https://doi.org/10.3390/su18157955


https://doi.org/10.3390/su18157955

Sustainability 2026, 18, 7955

11 of 20

4.3.3. PSM-DID

To address the issue of self-selection and to ensure that firms in the treatment and
control groups are more comparable, we employ the propensity score matching technique
in conjunction with the DID identification strategy (i.e., the PSM-DID estimator). Specif-
ically, propensity score matching is first conducted to pair enterprises in the CETS pilot
policy regions (treatment group) with similar enterprises in non-pilot regions (control
group) based on observable characteristics, thereby reducing bias arising from sample
heterogeneity. Subsequently, the DID model is applied to the matched sample to identify
the net policy effect.

Adopting a one-to-one nearest neighbor matching protocol, we re-estimate the baseline
model on the matched sample. As reported in Table 4, the coefficient on DID remains
positive and statistically significant, consistent with the baseline findings, indicating that
the documented policy effect is not driven by systematic differences in observable firm
attributes across the treatment and control groups.

Table 4. PSM-DID results.

Variables ((;121
DID 1.011 **
(0.452)
HC 60.732
(42.151)
ES —0.223
(0.990)
IAV 0.110
(0.197)
Constant 0.125
(0.930)
Observations 40,574
R-squared 0.609
Year fixed effects Yes
Firm fixed effects Yes

Note: ** represents the significance levels of 5%.

4.3.4. Alternative Estimation Strategy

To address the potential bias arising from heterogeneous treatment effects under
staggered policy adoption, we complement our baseline two-way fixed effects estimates
with the approach developed by Callaway and Sant’Anna [50]. This estimator constructs
group-time average treatment effects and then aggregates them into an overall average
treatment effect, thereby offering a more robust inference framework in settings with
variation in treatment timing.

The estimated average treatment effect on the treated is 1.063 with a standard error
of 0.621, yielding a z-statistic of 1.71 and a p-value of 0.087. The coefficient is positive
and statistically significant at the 10% level, confirming the robustness of our baseline
conclusion to the use of an estimator designed to handle staggered treatment adoption
with heterogeneous treatment effects.

4.3.5. Excluding Controversial Samples

As an additional check on the sensitivity of our benchmark results, we re-estimate the
model after removing certain observations that could blur the treatment effect (Table 5).
First, we drop observations from Fujian province, as its pilot was initiated later than
the others and differed in policy design. Second, we remove firms headquartered in

https://doi.org/10.3390/su18157955


https://doi.org/10.3390/su18157955

Sustainability 2026, 18, 7955

12 of 20

municipalities directly under the central government (Beijing, Tianjin, Shanghai, and
Chongqing), given their distinct institutional and economic characteristics. Third, we
exclude observations from the year 2021, when the launch of the national carbon market
may have generated anticipatory behavioral responses that could contaminate the pilot
policy estimate.

Table 5. The results of excluding the controversial samples.

@ ) 3)
Variables Excluding Fujian Samples EXCludslgﬁl II\)/{:Smapal Restrlgc;?gr’;h;()gellmples
DID 0.904 ** 1.220 *** 0.832 %
(0.418) (0.361) (0.454)
Constant 0.376 1.505 * —0.294
(0.817) (0.816) (1.254)
Observations 46,014 38,264 33,299
R-squared 0.595 0.581 0.572
Control variables Yes Yes Yes
Year fixed effects Yes Yes Yes
Firm fixed effects Yes Yes Yes

Note: *, ** and *** represent the significance levels of 10%, 5%, and 1%, respectively.

4.4. Heterogeneity Analysis
4.4.1. Industrial Heterogeneity

To assess whether the policy effect differs across industries, we partition the sample
into two groups according to firms’ direct exposure to the CETS pilot policy. The first group
comprises firms in the eight high-emission sectors formally designated under the pilot
scheme (petrochemicals, chemicals, building materials, iron and steel, non-ferrous metals,
paper, power generation, and aviation). The second group contains all remaining firms
operating in sectors not directly covered by the pilot regulations.

Columns (1) and (2) in Table 6 summarize the empirical findings for each of the two sub-
group samples. A positive and statistically significant treatment effect (coefficient = 1.096,
p < 0.05) is observed for firms outside the targeted sectors. For the eight high-emission
sectors, however, the estimated coefficient is negative (—0.332) and statistically indistin-
guishable from zero (p = 0.777). The contrast between these two groups is striking: the
positive innovation effect of the CETS pilot policy is entirely driven by firms in non-targeted
sectors, while the directly targeted high-emission sectors show no significant response.

Table 6. Industrial and regional heterogeneity analysis results.

(Wb} 2) 3) @ (5)
Variables Targete:d Non-Targ.e ted East Area Central Area West Area
Industries Industries
DID 1.096 ** —0.332 0.874 —0.311 1.022 *#*
(0.440) (1.160) (0.545) (0.686) (0.261)
Constant —0.151 1.794 —0.490 —1.138 0.866
(1.118) (2.410) (1.505) (1.549) (1.175)
Observations 39,885 7787 33,799 7607 6275
R-squared 0.610 0.379 0.610 0.527 0.443
Control variables Yes Yes Yes Yes Yes
Year fixed effects Yes Yes Yes Yes Yes
Individual fixed effects Yes Yes Yes Yes Yes

Note: ** and *** represent the significance levels of 5%, and 1%, respectively.

This finding suggests that the innovation-enhancing effect of the CETS pilot policy
does not operate primarily through direct compliance pressure on regulated firms. Instead,
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it appears to work through indirect channels, such as capital market signals, shifts in
investor preferences toward low-carbon firms, and supply chain transmission, which
generate positive spillover effects on firms outside the directly regulated sectors. The
insignificant coefficient for the high-emission sectors may reflect the crowding-out effect of
compliance costs, which could offset innovation gains [51]. This interpretation is consistent
with the lagged dynamic effects we observed in the event study, where the policy effect
only became significant several years after implementation.

4.4.2. Regional Heterogeneity

As a check for regional heterogeneity, we conducted separate estimations of the
baseline model for the eastern, central, and western regional subsamples, and report the
findings in Columns (3)—(5) of Table 6.

The treatment effect varies markedly across regions. For the eastern region, the
coefficient is 0.874 but insignificant at conventional levels (p = 0.140). The central region
yields an estimate of —0.311, which is also not statistically significant (p = 0.664). In sharp
contrast, the western region exhibits a pronounced and statistically significant positive
impact, with an estimated coefficient of 1.022 (p < 0.01). Several potential explanations
underlie this regional heterogeneity.

A heavier industrial structure with a predominance of energy-intensive and high-
emission sectors is more typical of western regions. This pattern points to greater emission
reduction potential and lower marginal abatement costs in the west, which in turn leaves
more room for firms to adopt low-cost innovation strategies under carbon constraints. This
line of reasoning aligns with the empirical finding that the impact of carbon trading on
emissions reduction is most pronounced in the west, followed by the central region, while
the eastern region exhibits the least effect [45].

Eastern regions, despite having more developed financial markets, stronger institu-
tional environments, and higher technological capabilities, may already operate closer to
the technological frontier, implying that the marginal innovation gains from additional
regulatory pressure are smaller than in regions with greater catching-up potential [52]. In
addition, eastern regions benefit from more mature green finance ecosystems and better
access to external capital, which may have already facilitated green innovation even in the
absence of the carbon market policy [53].

The insignificant result in the central region may reflect its institutional and economic
position in China’s regional development landscape. Central China does not possess the
institutional and financial advantages characteristic of the eastern regions, nor does it
share the heavy industrial structure and targeted policy support received by the western
regions. As a result, the central region may lack the combination of industrial pressure and
institutional capacity necessary to generate a significant innovation response to the carbon
market policy.

4.4.3. Capability-Dependent Heterogeneity

To examine whether firms’ innovation response to the CETS pilot policy depends on
their baseline capabilities and the pre-existing conditions of their regions, we employ a
triple differences (DDD) framework. We examine two heterogeneity dimensions: firm-level
carbon performance (CCP) and region-level pollution control investment (IPC). To avoid
post-treatment contamination, we use the 2012 values of these variables to construct the
grouping indicators. For each dimension, a binary indicator marking high capability (above
the sample mean) is created and interacted with the DID term. The coefficient on the triple
interaction captures the differential policy impact between high- and low-capability groups.
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Two moderating factors are examined in Table 7. In Column (1), which considers the
moderating role of firm-level carbon performance, the interaction term DID x CCP_high is
estimated to be positive and significant, suggesting that the positive innovation response to
the CETS pilot is disproportionately driven by firms with higher initial environmental per-
formance. Column (2) turns to regional pollution control investment. Here the interaction
coefficient DID xIPC_high is positive and marginally significant, indicating that regions
with more intensive past investment in pollution control experience a stronger policy effect.
Viewed together, these findings point to a clear pattern: the innovation stimulus of the
CETS pilot is substantially amplified where regulated entities already possess stronger
baseline capabilities. This highlights that the effectiveness of market-based environmental
instruments is strongly conditioned by the absorptive capacity and institutional maturity
of the regulated actors.

Table 7. Capability-dependent heterogeneity analysis results.

Variables quzl G(%lzl
DIDxCCP_high 1.762 **
(0.665)
DID xIPC_high 0.853 *
(0.497)
Constant 0.356 0.497
(0.859) (0.790)
R-squared 0.576 0.576
Control variables Yes Yes
Year fixed effects Yes Yes
Individual fixed effects Yes Yes

Note: * and ** represent the significance levels of 10%, and 5%, respectively.

4.5. Mechanism Analysis

To uncover the mechanisms linking the CETS pilot policy to green innovation, we
investigate the distinct roles played by two categories of costs: operating costs and debt
financing costs. We first estimate the policy’s effect on each cost variable individually, and
then examine how these costs, in turn, shape green innovation when included together
with the DID indicator in the outcome equation.

The impacts of the CETS pilot policy on two cost-related outcomes are reported in
Table 8. Column (1) shows that the policy raises operating costs significantly, with a
coefficient of 0.084 (p < 0.05). Column (2) demonstrates that financing costs also rise in
response to the policy, as reflected by a coefficient of 0.013 (p < 0.01). These estimates jointly
indicate that the pilot imposes significant cost burdens on firms, operating through both
real operational channels and financial channels.

Column (3) presents the results when both cost variables are included alongside
the DID indicator in the green innovation regression. The coefficient on operating costs
(COC)is 0.446 (p < 0.05), which is positive and statistically significant, suggesting that rising
operating costs induce innovation through cost-induced pressure. In contrast, the coefficient
on debt financing costs (DFC) is —0.909 (p < 0.1), negative and marginally significant,
indicating that rising financing costs crowd out innovation by constraining firms’ access to
external capital. The coefficient on DID remains positive at 1.193 (p < 0.1), suggesting that
the policy also operates through other channels beyond these two cost mechanisms.

Taken together, these results point to a dual-cost mechanism at work. The CETS
pilot policy concurrently increases both operating costs and debt financing costs, but the
two cost channels push green innovation in opposite directions: operating costs stimu-
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late innovation through cost-induced pressure, whereas financing costs suppress inno-
vation through a crowding-out channel. The overall positive net effect suggests that the
innovation-promoting force of operating costs dominates the innovation-restraining force

of financing costs.

Table 8. Mechanism analysis results.

. D 2) (3)
Variables coC DEC GTI
DID 0.084 ** 0.013 *** 1.193 %
(0.041) (0.004) (0.597)
CcOocC 0.446 **
(0.165)
DFC —0.909 *
(0.513)
Constant 11.943 *** 0.007 —4.707 *
(0.100) (0.012) (2.335)
Observations 34,597 46,149 34,334
R-squared 0.896 0.426 0.600
Control variables Yes Yes Yes
Year fixed effects Yes Yes Yes
Individual fixed effects Yes Yes Yes

Note: *, ** and *** represent the significance levels of 10%, 5%, and 1%, respectively.

5. Discussion

The divergent effects of operating costs and financing costs on innovation arise from
their fundamentally different economic characteristics. Operating costs reflect the expen-
ditures required to sustain prevailing production processes. When these costs escalate—
driven by carbon allowance purchases, rising energy prices, or investments in emissions
abatement equipment—firms encounter an immediate threat to their profit margins. This
generates a powerful incentive to pursue efficiency gains, upgrade production technolo-
gies, and transition toward cleaner alternatives. Such is the core logic of the cost-induced
innovation channel, consistent with the Porter Hypothesis [30]. Financing costs, on the
other hand, represent the price of obtaining external capital. An increase in these costs
constrains firms” access to outside funding and raises debt servicing obligations. Innova-
tion, and green innovation in particular, tend to be long-horizon, high-risk, and dependent
on sustained R&D commitments, placing it among the most postponable categories of
corporate expenditure. When capital grows scarcer or more expensive, R&D allocations are
typically among the first to face reductions. This crowding-out pattern is well established
in the corporate finance literature [54,55].

The innovation benefits of market-based regulation depend not only on regulatory
design but also on the financial architecture within which firms operate. The net effect of
carbon pricing is determined by whether the cost-induced pressure or the crowding-out
channel dominates. This insight advances the Porter Hypothesis by specifying a boundary
condition. The innovation compensation effect is more likely to materialize when firms have
access to affordable external capital. Where financing constraints are severe, the crowding-
out effect may partially or fully offset the innovation-inducing effect. The effectiveness of
market-based environmental regulation is therefore co-determined by the financial system,
suggesting that the Porter Hypothesis operates under specific institutional conditions.

The finding that the CETS pilot policy raises debt financing costs contrasts with several
contemporary studies reporting a decline following CETS implementation [56,57]. This
discrepancy likely reflects compositional heterogeneity in the policy’s effects. Research
documenting lower financing costs generally concentrates on large, established enterprises
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with robust environmental credentials, or on firms operating in economically advanced
regions with deep financial markets. For these entities, participation in CETS sends a
favorable signal: it communicates environmental commitment, draws green investors, and
narrows information asymmetries, thereby reducing the cost of borrowing. Our full-sample
estimates, in contrast, capture the average outcome over a more diverse cross-section of
firms, including small and medium-sized enterprises, firms in less developed regions, and
those with limited capacity to convey their carbon performance to financial stakeholders.
For these types of firms, CETS participation introduces regulatory uncertainty, imposes
compliance burdens, and heightens perceived transition risks. Financial institutions may
view CETS involvement as an incremental risk factor [58,59], particularly during the initial
pilot period when carbon pricing mechanisms were still maturing and policy uncertainty
remained elevated.

The structure of China’s financial system adds a further layer of complexity. Chinese
banks exhibit a pronounced preference for lending to state-owned enterprises and firms
with political connections [60], which are regarded as carrying lower default exposure
and enjoying stronger government backing during periods of financial stress. Private
enterprises, especially those of small and medium scale, confront tighter credit rationing
and are more responsive to shifts in perceived risk. When CETS participation introduces
regulatory uncertainty, banks may tighten credit conditions for these firms to a greater
degree than for state-owned enterprises, thereby magnifying the financing cost effect.

The nonlinear relationship between carbon prices and firm-level outcomes finds addi-
tional corroboration in evidence drawn from the EU ETS. Ferreras [61] demonstrates that
while moderate carbon prices enhance the valuation benefits of corporate environmental
performance, excessively high prices erode and, under extreme conditions, reverse these
gains through investment postponement, displacement of productive resources, and height-
ened investor uncertainty. This suggests that irrespective of the specific institutional setting,
when carbon prices impose disproportionate financial strain, the crowding-out dynamic
can overwhelm the innovation-promoting mechanism, thereby defeating the fundamental
objective of the carbon market.

6. Conclusions

This study investigates the effect of China’s carbon emission trading scheme pilot pol-
icy on corporate green innovation, leveraging a panel dataset of Chinese listed firms. Apply-
ing a staggered DID strategy, we find that the CETS pilot policy significantly advances green
innovation. This conclusion withstands an extensive battery of robustness tests, including
parallel trends verification, placebo experiments, PSM-DID estimation, the Callaway and
Sant’Anna estimator, and the removal of potentially problematic sample segments.

The principal findings can be distilled as follows. First, the policy effect displays a
marked spillover pattern: the positive innovation response is concentrated among enter-
prises in non-regulated industries, while firms in the directly targeted high-emission sectors
show no statistically significant reaction. Second, the analysis of regional heterogeneity
indicates that the policy effect is most substantial and precisely estimated in the western
region, and statistically indistinguishable from zero in the eastern and central regions.
Third, the policy effect is capability-dependent: firms and regions endowed with superior
baseline carbon performance and greater investments in pollution control exhibit amplified
innovation responses. Fourth, we identify a dual-cost mechanism through which the policy
operates. The CETS pilot policy concurrently raises operating costs and debt financing
costs, yet these two cost channels push green innovation in opposing directions. Operat-
ing costs stimulate innovation via cost-induced pressure, whereas financing costs deter
innovation through a crowding-out channel. The overall positive net effect implies that the
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innovation-encouraging force of operating costs dominates the innovation-discouraging
force of financing costs.

These results carry a number of actionable implications for policy formulation. First,
in light of the lagged dynamics, policymakers should prioritize policy continuity and
deliver clear, forward-looking price trajectories so that the innovation compensation effect
has sufficient time to emerge. Second, supplementary measures that lower the cost of
green finance—such as subsidized green credit lines, guarantees for green bonds, and
directed lending facilities for low-carbon projects—can reinforce the innovation dividends
of the CETS. Third, differentiated support strategies are warranted: firms and regions with
weaker baseline capabilities require greater access to technical assistance and institutional
capacity-building. Fourth, the design of policy evaluation frameworks should incorporate
spillover effects propagated through supply chain linkages and capital market channels,
rather than being confined to the directly regulated segments.

Several caveats should be noted. First, our measure of green technological innovation
relies exclusively on the count of green patent applications, which captures the volume
rather than the quality or economic significance of innovation. Subsequent research could
augment patent-count metrics with citation-weighted indicators, granted patent data, or
firm-level innovation surveys. Second, the scope of our analysis is limited to the pilot phase
of China’s CETS; the longer-run consequences of the nationwide carbon market remain
to be assessed as additional post-2021 data accumulate. Third, although we document
the dual-cost mechanism as an important transmission pathway, we are unable to observe
firms’ financing decisions or innovation choices at a granular level, and the mechanism
analysis should accordingly be regarded as yielding suggestive rather than definitively
causal evidence. Fourth, our empirical analysis and conclusions are confined to the context
of China’s CETS pilot. While we draw on evidence from the EU ETS in Section 5 to
highlight similarities in the underlying mechanisms, we do not conduct formal cross-
market comparisons. Future research could incorporate more comprehensive data from
multiple carbon markets to assess the generalizability across different institutional contexts.
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PSM-DID  Propensity score matching combined with the difference-in-differences
DDD Difference-in-difference-in-differences
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