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Abstract

This paper investigates how institutional investors address the double externalities of
green innovation (knowledge spillovers and environmental benefits) in China’s transition
economy. Methodologically, we integrate fixed-effects econometric models with a double
machine learning framework, employing random forest, gradient boosting, Lasso, and
Ridge to optimize causal inference under high-dimensional controls. The results consis-
tently show that institutional ownership significantly enhances both the scale and quality of
green innovation, particularly when formal institutions inadequately internalize externali-
ties. Mechanism analysis further reveals that corporate transparency acts as a compensatory
governance tool, strengthening the role of institutional investors in mitigating market fail-
ures. We also document heterogeneous effects across informal institutional environments,
where weaker Confucian culture and stronger market sentiment amplify investor influence.
By combining econometric identification with machine learning optimization, this study
advances methodological approaches to sustainable finance and offers policy insights into
leveraging institutional investors as catalysts for environmental governance.

Keywords: machine learning; green innovation; institutional investors; knowledge
spillover externalities; environmental externalities

MSC: 68T05; 62P20; 91B76

1. Introduction
The accelerating global climate crisis has brought corporate green innovation to the

forefront of strategies for reconciling economic growth with environmental sustainability.
Yet, despite its strategic importance, firms continue to underinvest in green innovation
because it embodies a double externality: environmental benefits that diffuse broadly to
society and knowledge spillovers that competitors can freely appropriate [1–3]. Double
externalities reduce firms’ ability to capture private returns while exposing them to higher
risks and uncertainties, thereby weakening incentives to invest in long-term green inno-
vation [4]. These dynamics suggest that firms alone are unlikely to sustain the level of
innovation required to meet societal demands. Against this backdrop, institutional in-
vestors have emerged as pivotal governance actors, as their concentrated ownership, active
engagement, and long-term orientation enable them to influence managerial decisions and
help mitigate the distortions created by unpriced externalities [5,6]. Understanding how

Mathematics 2025, 13, 3718 https://doi.org/10.3390/math13223718

https://doi.org/10.3390/math13223718
https://doi.org/10.3390/math13223718
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0009-0002-0089-4131
https://orcid.org/0000-0001-8999-482X
https://doi.org/10.3390/math13223718
https://www.mdpi.com/article/10.3390/math13223718?type=check_update&version=1


Mathematics 2025, 13, 3718 2 of 35

institutional investors address the dual externalities of green innovation is essential for
advancing both theory and practice in sustainable development.

Existing literature establishes two critical consensus points. First, institutional in-
vestors enhance corporate governance through active monitoring and engagement, mitigat-
ing agency costs and aligning management incentives with long-term value creation [7–10].
Second, green innovation is increasingly recognized as a strategic imperative where private
returns intersect with public goods, necessitating alignment between firm-level incentives
and societal environmental goals [11–14]. Rennings (2000) categorized the antecedents
of green innovation into three types: technology push, market pull, and regulation push
or pull [2]. Government policies that internalize environmental or knowledge spillover
externalities enhance the ability of institutional investors to promote corporate green in-
novation [2,15]. By reducing regulatory uncertainty and aligning financial returns with
sustainability goals, such policies amplify institutional investors’ influence in steering
firms toward greener R&D investments [16,17]. This synergistic effect underscores the
importance of cohesive environmental governance and investor stewardship in accelerat-
ing the low-carbon transition [18]. These foundations imply that institutional investors’
influence on green innovation should logically intensify when governments ensure the
internalization of environmental and knowledge spillover externalities [18,19].

Moreover, the double externalities of green innovation have long been theorized to
suppress green innovation absent policy interventions [2,11]. Simultaneously, institutional
investors are posited to amplify governance quality where government supports, or regula-
tory infrastructures are robust [5,18]. In addition, when environmental benefits or knowl-
edge spillovers are not internalized, firms face a “tragedy of the commons” [20], dampen-
ing investment incentives. Thus, a natural synthesis predicts that institutional investors’
pro-green impact peaks when externalities are internalized through affluent government
subsidies, stringent environmental regulations, or intellectual property protection (IPP).

We analyze the effect of institutional investors on firms’ green innovation under the
challenge of double externalities, emphasizing whether their impact intensifies when for-
mal mechanisms of externality internalization are weak. Formally, we estimate a firm-
and year-fixed effects Poisson model as the baseline specification and then extend the
analysis using a double machine learning framework. The DML procedure combines
cross-fitting with flexible learners—including random forest, gradient boosting, Lasso,
and Ridge—to approximate high-dimensional nuisance functions m(Wi,t) and g(Wi,t),
thereby satisfying Neyman-orthogonality conditions. This design enables us to capture
both linear and nonlinear structures in the data, reduce bias from high-dimensional con-
founders, and rigorously test whether institutional investors act as substitutes for incom-
plete institutional arrangements.

Contrary to the conventional prediction that stronger internalization of externalities
should amplify investor influence, our results indicate that institutional ownership is more
strongly associated with green innovation output under low government environmental
subsidies or lax IPP regimes. Such findings suggest that institutional investors act as substi-
tutes for weak externality internalization. To interpret this paradox, we situate the analysis
in China’s economic transition and draw on insights from new institutional economics
(NIE). China’s transition was marked by reforms that reshaped capital markets [21]. For ex-
ample, the split-share reform expanded institutional ownership by enabling institutions to
hold stock options previously off-limits, which in turn strengthened managerial oversight
and provided buffers against risks in R&D experimentation [22,23]. As Menard et al. (2021)
emphasize, macro institutions establish foundational regulations that shape the functioning
of micro-level institutional arrangements, such as firm-level governance [24].
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Our study contributes to the corporate governance and green innovation literature as
well as to the co-evolutionary perspective in transitional economies [25]. First, to the best
of our knowledge, this is the first attempt to show that institutional investors can substitute
for weak externality internalization, challenging the expectation that more externalities
necessarily suppress investment incentives [2]. While prior works emphasize ESG (Envi-
ronmental, Social, and Governance) stewardship and impact investing [6,18], this study
advances the debate by conceptualizing institutional investors as compensatory gover-
nors that internalize environmental and knowledge externalities through governance and
ownership. Drawing on new institutional economics, we argue that institutional investors
reduce transaction costs and clarify property rights in weak institutional environments,
thus enhancing firms’ incentives for green innovation [26]. This integration positions insti-
tutional investors not merely as financiers [10], but as active institutional mechanisms in the
green transition process. Second, by combining fixed-effects econometric estimation with
double machine learning, our study provides a more comprehensive empirical strategy
to uncover the paradox of stronger influence under market failures. We further highlight
transparency as a compensatory governance mechanism, thereby recasting institutional
investors from passive monitors to active architects of disclosure regimes. Third, we en-
rich the theoretical understanding of informal institutions in transitional economies by
demonstrating how formal market reforms interact with informal institutions to shape
environmental governance, echoing the NIE argument that institutions reduce transaction
costs by aligning incentives [27,28].

Our findings hold critical lessons for policymakers navigating sustainability transi-
tions in emerging markets. Rather than delaying green reforms until externality pricing
mechanisms mature, regulators can strategically empower institutional investors through
disclosure mandates to amplify transparency’s governance role and through stewardship
incentives to align investor horizons with environmental goals.

The remainder of the paper is organized as follows. Section 2 develops hypotheses,
Section 3 presents data and methodology, Section 4 discusses results, and Section 5 concludes.

2. Theoretical Analysis and Hypotheses Development
2.1. Institutional Investors and Firms’ Green Innovation

The relationship between institutional ownership and corporate green innovation is
fundamentally shaped by the double externalities inherent in green technologies: environ-
mental benefits that diffuse as non-excludable public goods and knowledge spillovers that
competitors may freely appropriate [29,30]. Environmental benefits often take the form
of non-excludable public goods, while spillovers enable competitors to imitate without
bearing equivalent R&D costs.

Pigou (1920) suggest these market failures can be corrected through taxes or subsi-
dies [31]. Yet Coase (2013) argues that the root cause of externalities lies in ambiguous
property rights and costly coordination rather than market failure itself [26]. When property
rights are clearly defined and transaction costs are low, private bargaining can internalize
externalities efficiently [32,33]. However, in emerging markets with institutional imperfec-
tions, such ideal conditions rarely hold, and market-based solutions become less effective.

Drawing on new institutional economics, institutional investors can mitigate these in-
efficiencies by reducing transaction costs, improving contract enforcement, and promoting
information disclosure [24,27]. Concentrated ownership enhances monitoring efficiency
and mitigates managerial myopia, encouraging long-term environmental projects [34,35].
Moreover, environmental sustainability is a way to generate and capture value from ex-
ternalities [36]. Integrating ESG considerations can improve firms’ risk-adjusted returns
and cost of capital [37]. Furthermore, investors with explicit ESG mandates integrate
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environmental and social metrics into executive incentives, effectively transforming soci-
etal costs into corporate accountability [13,38,39]. By imposing disclosure requirements and
sustainability-linked performance targets, institutional investors create quasi-regulatory
frameworks that substitute for incomplete environmental governance mechanisms [40].
Thus, the following is proposed:

Hypothesis 1. Institutional ownership is positively associated with firms’ green innovation. More-
over, when the double externalities of green innovation (i.e., environmental benefits or knowledge
spillovers) are not effectively internalized, the positive effect of institutional investors on firms’ green
innovation becomes even stronger.

2.2. Institutional Investors, Corporate Information Transparency and Green Innovation

Institutional investors influence green innovation not only directly but also through
corporate information transparency, which serves as a governance mechanism to reduce
agency costs and transaction frictions [41]. Transparency aligns managerial decisions
with investor expectations and transforms the intangible social value of green innovation
into measurable and verifiable indicators [42,43]. This mechanism echoes Tirole’s (2021)
argument that modern economic systems increasingly rely on information transparency and
reputation systems to promote prosocial behavior [44]. In the context of green finance, ESG
disclosures and transparency practices operate as “soft control” mechanisms that substitute
for incomplete formal regulation, encouraging firms to internalize environmental and
knowledge externalities through reputational and market-based incentives. By enhancing
the visibility and credibility of firms’ environmental efforts, institutional investors can
leverage transparency to bridge the gap between private incentives and collective welfare,
thereby reducing transaction costs and reinforcing sustainable innovation.

The effect of transparency is contingent on the degree to which externalities are inter-
nalized. In institutional environments with strong environmental subsidies and intellectual
property protection, transparency mainly confirms compliance with existing norms. In
contrast, under weak institutional environments, where environmental benefits and knowl-
edge spillovers are not effectively internalized, transparency plays a compensatory role.
By enforcing disclosure standards and sustainability reporting, institutional investors im-
pose a form of shadow pricing on uninternalized externalities, thereby improving the
accountability and efficiency of green investments [41,45].

Both types of externalities amplify this effect. When environmental subsidies are
insufficient, disclosure of environmental performance provides investors with credible
information to assess firms’ social value creation, enabling more targeted capital alloca-
tion. When knowledge spillovers are high and IPP weak, transparency over collaboration,
licensing, or patent pooling reduces the risk of free-riding and facilitates cooperative inno-
vation [41,42]. In both cases, greater transparency reduces information asymmetry, lowers
financing costs, and strengthens investor confidence [5,46]. Taken together, we predict:

Hypothesis 2. Institutional ownership drives firm green innovation through the mechanism of
corporate information transparency. Moreover, when the positive externalities of green innovation
(i.e., environmental benefits or knowledge spillovers) are not effectively internalized, the driving
effect of this mechanism becomes even stronger.

2.3. Varying Responses Across Different Informal Institutions

Formal and informal institutions constitute interdependent pillars of institutions [27].
These two institutions function complementarily [28,47]. Confucian traditions, embodied
through socially mandated virtues of benevolence, righteousness and ecological harmony,
represent a pervasive informal institution in China, shaping managerial ethics via implicit



Mathematics 2025, 13, 3718 5 of 35

normative constraints [47,48]. Conversely, institutional investors operate through codified
contracts, audit mechanisms, and voting sanctions to exert formal institutional pressure.

From the perspective of new institutional economics, informal and formal institutions
interact to determine how effectively environmental and knowledge externalities are inter-
nalized. In regions where Confucian heritage remains strong, shared moral norms and long-
term orientation reduce the transaction costs of collective coordination and enhance firms’
capacity for self-regulated environmental responsibility and knowledge sharing [47,49].
These relational norms complement formal investor governance by fostering trust and
legitimacy in sustainability-oriented collaboration, thereby facilitating the internalization
of environmental externalities through moral self-restraint and of knowledge spillovers
through socially embedded cooperation.

However, when Confucian values weaken, the informal mechanisms of self-discipline
and trust-based coordination erode, creating governance voids that hinder firms’ ability to
internalize externalities. In such contexts, institutional investors’ governance mechanisms,
through contractual obligations, ESG disclosure requirements, and sustainability-linked
performance monitoring [41], serve as formal complements that restore incentive alignment.
By codifying accountability and institutionalizing missing incentive channels, institutional
investors bridge the gap between private and social returns, partially substituting for the
moral and relational enforcement once sustained by informal cultural norms. Therefore,
this study proposes Hypothesis 3.

Hypothesis 3. Institutional ownership has a greater positive influence on firms’ green innovation
for firms located in regions with weaker Confucian values than those with stronger Confucian values.

In addition to cultural factors, market sentiment represents another important informal
institution that shapes the cognitive and affective dimensions of investment and innova-
tion behavior [50–53]. Market sentiment influences how institutional investors perceive
and respond to green innovation’s double externalities by modulating risk tolerance and
temporal orientation. During periods of high market sentiment, optimism about future
market performance enhances investors’ willingness to bear short-term costs for long-term
environmental and technological returns. Such conditions strengthen investors’ capacity
to internalize environmental externalities by funding low-return but high-societal-benefit
projects, and to internalize knowledge spillovers by supporting open innovation and
technology diffusion [52,54].

Conversely, under low market sentiment, uncertainty and pessimism constrain in-
vestors’ willingness to assume the risks associated with long-term innovation [55], thereby
weakening their role in externality internalization. Market contraction amplifies short-term
profit motives and limits resources available for ESG engagement, reducing institutional
investors’ corrective influence over green innovation. Therefore, we hypothesize:

Hypothesis 4. Institutional ownership is more likely to influence firms’ green innovation at times
of high market sentiment than of low market sentiment.

3. Data and Methodology
3.1. Sample and Data

We select A-share listed companies from 2007 to 2022 as research sample. We obtain
data of green patent, environmental subsidies and Confucian academies from the Chi-
nese Research Data Services Platform (CNRDS) database. Regional intellectual property
protection (IPP) index is collected from China’s National Intellectual Property Adminis-
tration. Other data are collected from the China Stock Market and Accounting Research
database (CSMAR).
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We processed the data in the following manner. First, we excluded ST, ST* and PT
companies because their multi-year losses may skew the overall sample. Second, to mitigate
the impact of outliers, we winsorized the continuous variables by 1% in both tails. We
excluded corporates with missing values in relevant data. The resulting sample is diverse,
spanning all major industries classified by the China Securities Regulatory Commission
(CSRC), with a significant representation from manufacturing (approx. 60%), information
technology, and wholesale & retail sectors. Geographically, the firms are distributed across
31 provinces in mainland China, with higher concentrations in economically developed
coastal regions such as Guangdong, Zhejiang, and Jiangsu, which is representative of the
landscape of listed companies in China.

To enhance transparency, we have now added a concise data flow table in the paper
and explanatory notes on sample size variation. Eventually, 4771 companies were obtained,
resulting in 32,392 company-year observations, see Supplementary Material Table S1
for details.

3.2. Variables and Measures

The independent variable “institutional ownership” is the proportion of shares held
by institutional investors. The dependent variable is assessed through the number of green
patent applications [56], while the quality of green innovation is evaluated by the number
of green invention patent applications as invention is imbedded with stricter technology
standards compared to other patents [57,58].

To capture environmental and knowledge spillover externalities, this study employs
corporate environmental subsidies and the regional level of intellectual property protection
(IPP), respectively, following the approach of Wang et al. (2024) [59]. First, lower levels of
government environmental subsidies are interpreted as indicators of higher environmental
externalities. Environmental subsidies are a major policy tool to internalize environmental
externalities by bridging the gap between private and social returns [60,61]. When such
subsidies are limited, firms bear the environmental innovation costs privately while the
benefits accrue socially, reflecting a higher degree of uncorrected environmental externali-
ties [62]. Second, weaker regional intellectual property protection (IPP) indicates higher
knowledge spillover externalities, as firms are less able to appropriate returns from innova-
tion. Stronger IPP mitigates knowledge spillovers by securing firms’ innovation rents and
reducing free-riding incentives [63]. Therefore, regions with lower IPP face a wider gap
between private and social returns.

In line with previous studies on green innovation [64,65], this research controls a
series of variables that might influence firm’s green innovation. The mechanism vari-
able is corporate information transparency. Following prior research [66,67], corporate
information transparency is measured by the evaluation results of information disclosure
by the Shanghai Stock Exchange and Shenzhen Stock Exchange. Table 1 gives detailed
variable definitions.
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Table 1. Variable definitions.

Variables Variable Symbol Definitions Data Source

Independent variable

Institutional ownership InstInvest
The number of financial institutional
holdings divided by the company’s
outstanding shares

CSMAR

Dependent variables

Quantity of corporate’s
green innovation GreenPatent The number of green patent

applications CNRDS

Quality of green innovation GreenInvent The number of green invention
patent applications CNRDS

Green utility innovation GreenUtility The number of green utility patent
applications CNRDS

Control variables

Cash flow ratio Cashflow Net cash flow from operating
activities/total assets CSMAR

Tobin q Tobinq The ratio of the sum of the market
value and total liabilities to total assets CSMAR

Financial leverage Lev Total debt/total assets CSMAR
Return on total assets Roa Net profit/average balance of total assets CSMAR
Growth Growth Growth rate of operating income CSMAR
Administrative expense Mfee Administrative expense/operating income CSMAR

Asset size Assetsize Natural logarithm of the book value of
firm’s assets CSMAR

Age FirmAge Natural logarithm of firm’s age CSMAR

CEO duality Dual Whether the CEO and board
chairperson are the same person CSMAR

Ratio of independent directors Indep Number of independent directors/total
number of directors CSMAR

Double externalities

Environmental externalities Environment subsidies Firm’s government environmental
subsidies CNRDS

Knowledge spillover
externalities IPP Regional intellectual property

protection (IPP) index in China

China’s
National
Intellectual
Property
Administration

Mechanism variables

Information transparency Opacity
The information disclosure quality on
the Shanghai and Shenzhen Stock
Exchanges

CSMAR

Informal institutions

Confucian culture Confucianism
The number of Confucian academies
within a 150-km radius of a firm’s
registered address

CNRDS

Market sentiment Sentiment
Total number of posts in the post forum
of the listed company during the
statistical period

CSMAR
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3.3. Model Specification
3.3.1. Fixed Effects Poisson

Because the total number of green innovations is a count variable that has discrete
nonnegative integer values, we used fixed effects Poisson Pseudo-Maximum Likelihood
(PPML) regression models to test our hypotheses [68–70]. The main regression model is
outlined below.

Yit = a0 + a1 InstInvestit + aiCVit + Firm + Year + εit (1)

where Yit is a measure of green innovation (green patent applications) for firm i and
reference year t. And InstInvestit measures the proportion of institutional ownership.
CVit is a vector of controls. Firm denotes a full set of individual fixed effects while Year
represents a full set of year dummies; we always control both to remove the unobservable
factors at individual and temporal levels. We cluster at the industry-year level. We use this
specification when estimating effects for the whole sample, the subsamples, the mechanism
and the heterogeneity. During estimation, some observations are automatically excluded
by the ppmlhdfe estimator due to singleton or separated fixed-effect groups to ensure
estimation stability [71].

To analyze the mechanism of institutional ownership on corporate green innova-
tion, we constructed the following econometric models taking cues from the prior liter-
ature [67,72]. As the first step to evaluate the mechanism hypothesis, we use mediation
analyses to formally evaluate the mediation effect of corporate information transparency
(denoted by “Opacity”) on the relationship between institutional ownership and green
innovation, by estimating the model below.

Opacityit = β0 + β1 InstInvestit + βiCVit + Firm + Year + εit (2)

Then, we investigate whether the relationship between institutional ownership and
green innovation evaluated in Equation (1) changes when we include corporate information
transparency as additional control variable by analyzing the regression model below.

Yit = γ0 + γ1 InstInvestit + γ2Opacityit + γiCVit + Firm + Year + εit (3)

3.3.2. Double Machine Learning

To estimate the causal effect of institutional investors on firms’ green innovation under
the challenge of double externalities, we adopt the double machine learning (DML) frame-
work proposed by Chernozhukov et al. (2018) [73]. Compared with conventional fixed
effects models, DML flexibly incorporates high-dimensional, potentially nonlinear controls
through machine learning and then estimates the target parameter on orthogonalized
residuals. This approach mitigates bias introduced by first-stage prediction errors and
ensures robustness in causal inference [74,75].

Formally, let Yi,t denote firm i green innovation outcome in year t, Di,t institutional
investor ownership, and Wi,t a high-dimensional vector of control variables including firm
characteristics, market sentiment, and fixed effects. The baseline specification is:

Yi,t = θDi,t+g(Wi,t)+εi,t (4)

where g(Wi,t) is an unknown nuisance function, and εi,t is an error term with E{εi,t |
Di,t, Wi,t} = 0.
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The treatment variable is modeled as:

Di,t =m(Wi,t)+νi,t (5)

where m(Wi,t) is another unknown nuisance function and νi,t is the residual treatment component.
To obtain a Neyman-orthogonal score that is robust to first-stage estimation errors, we

construct residuals from machine learning estimators ĝ and m̂.

∼
Yi,t = Yi,t − ĝ(Wi,t) (6)

∼
Di,t = Di,t − m̂(Wi,t) (7)

The orthogonal estimating equation is then:

E
[( ∼

Yi,t − θ
∼

Di,t

) ∼
Di,t

]
= 0 (8)

which yields the estimator:

θ̂ =
∑i,t

∼
Di,t

∼
Yi,t

∑i,t
∼

Di,t

2 (9)

To prevent overfitting and ensure valid asymptotics, we use K-fold cross-fitting. Specif-
ically, partition the sample into K folds Ik. For each fold K, we estimate nuisance functions
ĝ(−k) and m̂(−k) using data from all folds except Ik, and compute residuals on Ik:

∼
Yi,t

(k)
= Yi,t − ĝ(−k)(Wi,t)

∼
Di,t

(k)
= Yi,t − ĝ(−k)(Wi,t), (i, t) ∈ Ik (10)

Stacking across folds, the final DML estimator is obtained by regression of
∼
Y on

∼
D.

Under standard regularity conditions [73], the DML estimator is root-n consistent and
asymptotically normal:

√
n(θ̂ − θ0)

−→
d N

(
0, σ2

)
(11)

with asymptotic variance:

σ2 = E

 (
∼

Yi,t − θ
∼

Di,t

2
)

∼
Di,t

E[
∼

Di,t]
2

 (12)

In practice, we implement the nuisance function estimators ĝ and m̂ using multiple
machine learning algorithms. Random Forest (RF) and Gradient Boosting (GBM) to capture
nonlinearities and interactions; Lasso and Ridge regressions for regularization and high-
dimensional variable selection. This ensemble approach ensures robustness to model
specification and allows us to assess the stability of estimates across different learners [76].

To ensure the robustness and replicability of our DML estimation, we provide further
implementation details. We employ a K = 5-fold cross-fitting procedure with a fixed
random seed (42) for all estimations. The high-dimensional vector of controls Wi,t includes
all firm-level control variables as defined in Table 1. To be consistent with our panel data
structure, we apply a two-way (firm and year) de-meaning transformation to the outcome,
treatment, and all control variables to account for fixed effects before the DML procedure.

The nuisance functions g(Wi,t) and m(Wi,t) are estimated using four distinct machine
learning algorithms. For each algorithm, hyperparameters are tuned within each training
fold using an internal 5-fold cross-validation grid search to minimize the Mean Squared
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Error (MSE), thus preventing overfitting and information leakage. The specific tuning
approach for each learner is as follows. (1) Random Forest: We tuned the number of
trees (n_estimators in {100, 200, 300}), maximum tree depth (max_depth in {5, 10, 15}),
and the maximum number of features considered at each split (max_features in {‘sqrt’,
0.33}). (2) Gradient Boosting: The grid search included the number of boosting stages
(n_estimators in {100, 200, 300}), the learning rate (learning_rate in {0.01, 0.05, 0.1}), and
the maximum depth of individual trees (max_depth in {3, 4, 5}). (3) Lasso and Ridge:
We utilized the LassoCV and RidgeCV implementations, which automatically perform
cross-validation over a predefined grid of regularization parameters to select the one that
minimizes prediction error.

This systematic approach ensures that our estimation is both data-driven and replica-
ble. To visually summarize the estimation procedure, Figure 1 presents the workflow of
our double machine learning implementation.

Figure 1. Graphical workflow of DML.
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4. Results and Discussion
4.1. Descriptive Statistics

Table 2 shows the descriptive statistics. The summary shows that the green patent
application average at 7.374, while the max value and standard deviation are 1485 and
38.258, respectively. This indicates considerable differences in green innovation among
firms. The mean of institutional ownership is 0.432, with a paramount of 0.938 and a
standard deviation of 0.253, implying differences in institutional ownership level among
Chinese listed companies. In addition, the proportion of zero observations is 52% for
GreenPatent, 62.9% for GreenInvent, and 62.4% for GreenUtility. Figure 2 illustrates the
distribution of green innovation.

Table 2. Description of statistics.

Variable N Mean SD Max Min p50

GreenPatent 32,396 7.374 38.258 1485.000 0.000 0.000
GreenInvent 32,396 4.211 25.788 978.000 0.000 0.000
GreenUtility 32,396 3.164 15.088 553.000 0.000 0.000
InstInvest 32,396 0.432 0.253 0.938 0.003 0.442
Lev 32,396 0.403 0.201 0.890 0.050 0.392
Firmage 32,396 2.918 0.327 3.526 1.609 2.944
Assetsize 32,396 22.149 1.256 26.044 19.804 21.964
Cashflow 32,396 0.049 0.067 0.246 −0.155 0.048
Growth 32,396 0.156 0.370 2.213 −0.537 0.100
Roa 32,396 0.043 0.066 0.230 −0.226 0.042
Tobinq 32,396 2.051 1.297 8.366 0.858 1.630
Mfee 32,396 0.087 0.067 0.407 0.008 0.070
Dual 32,396 1.686 0.464 2.000 1.000 2.000
Indep 32,396 0.376 0.053 0.571 0.300 0.364

 

Figure 2. Distribution of green innovation.

To examine variable correlations and assess multicollinearity of the variables, our
study presents Pearson correlations in Table 3. The significantly positive correlation coeffi-
cients at 1% level for institutional ownership indicates institutional investor is positively
correlated with both green patent and green invention. This provides preliminary support
for Hypothesis 1. Furthermore, the coefficients between controls exhibit beneath 0.5, and
the variance inflation factor (VIF) analysis yields an average VIF of 1.33, indicating that the
absence of multicollinearity among variables.
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Table 3. Correlation test.

Variables GreenPatent GreenInvent GreenUtility InstInvest Lev Firmsize Assetsize Cashflow Growth Roa Tobinq Mfee Dual Indep

GreenPatent 1
GreenInvent 0.963 *** 1
GreenUtility 0.889 *** 0.734 *** 1
InstInvest 0.119 *** 0.11 *** 0.115 *** 1
Lev 0.136 *** 0.111 *** 0.156 *** 0.171 *** 1
Firmage −0.005 0.002 −0.017 *** 0.029 *** 0.155 *** 1
Assetsize 0.308 *** 0.277 *** 0.307 *** 0.423 *** 0.489 *** 0.162 *** 1
Cashflow 0.016 *** 0.018 *** 0.010 * 0.129 *** −0.154 *** 0.016 *** 0.096 *** 1
Growth 0.005 0.001 0.012 ** 0.042 *** 0.017 *** −0.064 *** 0.050 *** 0.033 *** 1
Roa −0.006 −0.004 −0.009 * 0.101 *** −0.389 *** −0.102 *** −0.018 *** 0.428 *** 0.279 *** 1
Tobinq −0.070 *** −0.059 *** −0.076 *** −0.023 *** −0.221 *** −0.016 *** −0.343 *** 0.084 *** 0.074 *** 0.149 *** 1
Mfee −0.073 *** −0.063 *** −0.078 *** −0.151 *** −0.227 *** −0.105 *** −0.338 *** −0.139 *** −0.137 *** −0.220 *** 0.280 *** 1
Dual 0.022 *** 0.017 *** 0.026 *** 0.186 *** 0.137 *** 0.106 *** 0.188 *** 0.017 *** −0.031 *** −0.054 *** −0.060 *** −0.044 *** 1
Indep 0.045 *** 0.034 *** 0.057 *** −0.075 *** −0.013 ** −0.016 *** −0.010 * 0.000 −0.007 −0.011 * 0.049 *** 0.030 *** −0.116 *** 1

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.
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4.2. Results of Fixed-Effects Regression

We start with Poisson regressions to quantitatively estimate the influence of institu-
tional ownership on corporate green innovation. In Table 4, the regression outcomes cor-
responding to Equation (1) are presented. In addition, Supplementary Material Figure S1
shows the path of the fixed effects coefficients for each year.

Table 4. Results of baseline regression.

(1) (2) (3)
Variables GreenPatent GreenInvent GreenUtility

InstInvest 0.372 *** 0.554 *** 0.150
(0.144) (0.175) (0.159)

Lev −0.289 * −0.404 * −0.070
(0.171) (0.214) (0.169)

Firmage 0.280 0.205 0.427
(0.363) (0.354) (0.414)

Assetsize 0.538 *** 0.547 *** 0.522 ***
(0.055) (0.067) (0.054)

Cashflow −0.541 * −0.613 −0.420
(0.295) (0.390) (0.279)

Growth 0.017 −0.041 0.098 **
(0.041) (0.050) (0.039)

Roa 0.181 −0.060 0.605 *
(0.310) (0.372) (0.336)

Tobinq 0.017 0.024 0.006
(0.017) (0.018) (0.023)

Mfee 1.501 *** 0.982 * 2.487 ***
(0.529) (0.502) (0.799)

Dual −0.126 −0.168 * −0.073
(0.078) (0.090) (0.070)

Indep −0.044 −0.460 0.351
(0.368) (0.377) (0.467)

Constant −9.800 *** −9.918 *** −11.050 ***
(1.492) (1.828) (1.543)

Observations 26,572 23,595 23,443
Pseudo R2 0.837 0.829 0.752
Firm FE YES YES YES
Year FE YES YES YES

Note: * p < 0.10, ** p < 0.05, *** p < 0.01. Standard error in parentheses.

The estimated coefficients for institutional ownership in columns (1) and (2) of Table 4,
0.372 and 0.554, indicate that a 10% increase in institutional ownership leads to 0.0372 more
green innovation quantity (GreenPatent) while the same increase leads to 0.0554 more green
innovation quality (GreenInvent). For instance, using the mean and standard deviation of
institutional ownership, a one-standard-deviation increase in institutional ownership corre-
sponds to approximately a 6.8% rise in green patent applications and a 5.2% improvement
in green patent quality. On the contrary, column (3) suggests the absence of a significant
association between institutional investors and green utility innovation—the estimate is
small and insignificant. Consistent with our expectations, the numbers in columns (1) and
(2) of Table 4 reveal that institutional ownership exhibits a positive relationship relative to
green innovation. This effect can be attributed to two reasons. First, institutional investors
alleviate firms’ apprehensions regarding the positive externalities of green innovation, in-
centivizing managerial commitment to long-term sustainability investments that may lack
immediate financial returns. Second, their stewardship enhances information transparency,
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enabling firms to credibly signal ESG alignment and mobilize complementary resources
through strategic collaborations with eco-conscious stakeholders.

4.3. Results of Double Machine Learning

The double machine learning estimations reported in Tables 5 and 6 provide consistent
evidence that institutional investors significantly promote corporate green innovation. In
Table 5, both random forest and gradient boosting yield positive and significant coefficients
for green patents and green invention patents. For instance, the coefficient of institutional
ownership on green patents is 3.262 under the random forest model and 2.689 under
gradient boosting, both statistically significant. Similarly, the effect on green invention
patents is 2.676 and 2.934, respectively, indicating that institutional investors foster not only
the expansion of overall green patenting but also the generation of more technologically
sophisticated inventions.

Table 5. Results of DML (random forest and gradient boosting).

Model: Random Forest Gradient Boosting
(1) (2) (3) (4) (5) (6)

Variables GreenPatent GreenInvent GreenUitility GreenPatent GreenInvent GreenUitility

InstInvest 3.262 *** 2.676 *** 0.542 2.689 ** 2.934 *** 0.365
(1.043) (0.804) (0.407) (1.101) (0.805) (0.417)

Control
variables YES YES YES YES YES YES

Year FE YES YES YES YES YES YES
Firm FE YES YES YES YES YES YES
K-folds 5 5 5 5 5 5

N 32,396 32,396 32,396 32,396 32,396 32,396
Note: ** p-value < 0.05, *** p-value < 0.01. Standard error in parentheses.

Table 6. Results of DML (Lasso and Ridge).

Model: Lasso Ridge
(1) (2) (3) (4) (5) (6)

Variables GreenPatent GreenInvent GreenUitility GreenPatent GreenInvent GreenUitility

InstInvest 4.618 *** 3.469 *** 1.148 *** 4.612 *** 3.468 *** 1.144 ***
(1.037) (0.739) (0.435) (1.037) (0.738) (0.435)

Control
variables YES YES YES YES YES YES

Year FE YES YES YES YES YES YES
Firm FE YES YES YES YES YES YES
K-folds 5 5 5 5 5 5

N 32,396 32,396 32,396 32,396 32,396 32,396
Note: *** p-value < 0.01. Standard error in parentheses.

Table 6 reports the results based on Lasso and Ridge regression, which provide further
robustness checks with regularized estimation techniques. The findings are again consis-
tent: institutional ownership has strong and highly significant effects on both green patents
and green invention patents, with coefficients of 4.618 and 3.469 in the Lasso model, and
4.612 and 3.468 in the Ridge model, all significant at the 1% level. These results reinforce
the conclusion that institutional investors are crucial drivers of green innovation. Interest-
ingly, for green utility models, Lasso and Ridge estimations reveal positive and significant
effects (coefficients of 1.148 and 1.144, respectively), in contrast to the insignificant results
in Table 5. This divergence highlights that while institutional investors’ strongest influ-
ence lies in promoting high-value, invention-oriented green innovation, they may also
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indirectly support more incremental innovation activities when evaluated under linear
regularization methods [77].

Taken together, the results across Tables 5 and 6 demonstrate the robustness of our find-
ings to different machine learning algorithms. The consistency of positive and significant
effects on green patents and green invention patents underscores the role of institutional in-
vestors as compensatory governors in the face of weak externality internalization. Moreover,
the nuanced differences observed for green utility models reveal that investors’ influence is
not uniform across innovation types, but instead reflects a long-term orientation toward
supporting innovation activities that are more likely to deliver sustainable competitive
advantage and environmental benefits.

Fixed-effects regressions remain the gold standard for identifying within-firm variation
and controlling for unobserved heterogeneity across firms and over time. However, such
models may be limited in capturing high-dimensional, nonlinear relationships between
covariates and outcomes. By employing double machine learning (DML) with algorithms
such as random forest, gradient boosting, Lasso, and Ridge, we mitigate these limitations
and provide a robustness check that flexibly accounts for complex interactions among firm
characteristics, ownership structures, and institutional environments. This approach is
particularly well suited for research on green innovation, where drivers are inherently
multifaceted and nonlinear [73,78]. The consistency of our findings across econometric and
machine learning estimators increases confidence that the observed effects are not artifacts
of model specification but reflect genuine causal relationships.

Figure 3 visualizes the estimated coefficients and 95% confidence intervals from
the four machine learning estimators, complementing the regression results presented
in Tables 5 and 6. For both green patents and green invention patents, the coefficients
are consistently positive and statistically significant across all models. Random forest
and gradient boosting, reported in Table 5, generate coefficients around 2.5–3.0, while
Lasso and Ridge regressions, reported in Table 6, yield even larger effects exceeding
4.0 for green patents and around 3.5 for green invention patents. The relatively narrow
confidence intervals in Figure 3 underscore the robustness of these findings and highlight
that institutional investors exert a substantial and reliable positive influence on both the
volume and the quality of green innovation [2].

By contrast, the results for green utility models display greater heterogeneity across
methods. As shown in both Table 5 and Figure 3, random forest and gradient boosting
produce coefficients that are close to zero with wide confidence intervals, indicating no
systematic effect. In Table 6, however, the Lasso and Ridge estimations align with Figure 3
by showing positive and statistically significant coefficients of approximately 1.1, with
narrower confidence intervals. This divergence across algorithms illustrates the method-
ological complementarity of nonparametric and regularized estimators: while tree-based
methods may attenuate weaker innovation signals, penalized linear models emphasize
more stable incremental effects. Taken together, Figure 3 and Tables 5 and 6 demonstrate
that institutional investors’ strongest impact is concentrated on high-value innovation
outcomes—green patents and inventions—while their influence on utility models remains
more modest and method-dependent [73].

It is important to note that the purpose of employing multiple machine learning
algorithms is not to select a single “best” model, but rather to demonstrate the robustness
of our core finding. The slight variations in the coefficient magnitudes across models reflect
the different ways each algorithm approximates the underlying nuisance functions; for
instance, tree-based models excel at capturing non-linear interactions, while regularized
linear models are efficient in high-dimensional settings with potentially sparse signals. The
consistent direction and statistical significance of the InstInvest coefficient across all four
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distinct learners strongly suggest that the positive causal relationship with green innovation
is a robust feature of the data, not an artifact of a particular model specification.

Figure 3. Confidence interval.

4.4. Endogeneity Tests

While the baseline regression results confirm a significant positive correlation between
institutional ownership and corporate green innovation, these findings may be subject to
endogeneity concerns. On the one hand, unobserved factors that simultaneously affect
both institutional investors’ asset allocation decisions and corporate green innovation
could introduce endogeneity. On the other hand, institutional investors, guided by their
asset allocation strategies, might proactively select and hold firms that already exhibit
strong performance in green innovation to reap higher short-term profits. This behavior
suggests a sample selection bias as well as reverse causality, as the positive relationship
may not stem from the influence of institutional ownership on corporate decisions but
rather from the initial choice of firms. To avoid endogeneity, this study employs two-stage
least squares (2SLS) and Heckman two-step regression to correct for omitted variable bias,
reverse causality and sample selection bias.

4.4.1. Two-Stage Least Squares Model

To attain consistent estimates of the relationship between institutional ownership
and green innovation and mitigate potential biases due to unobserved factors and reverse
causality, we employ 2SLS with two instrumental variables (IVs). The first is a binary
variable representing the changes whether a firm is included in the CSI 500 Index (In500):
In500 equal to 1 if a firm’s stock moved from outside to inside the index in the previous
period and 0 otherwise. The second IV is the attention from security analyst specializing
in the industry of the focal firms (Analyst). Analyst is the number of analysts in the se-
curities company who have published research reports in the year. These two IVs satisfy
the relevance principle: when a firm becomes part of the index, it tends to attract index-
tracking and passive institutional funds, thereby increasing institutional ownership [79,80];
analysts closely monitor companies within the same industry, and their reports and recom-
mendations have a substantial impact on institutional investor interest and decisions [81].
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Meanwhile, these two share variables are not directly related to corporate green innovation,
satisfying the exclusion principle of IV.

In column (1) of Table 7, both coefficients of In500 and Analyst are significantly
positive in the first-stage regression. The second-stage regression results in column (2) and
(3) verify the baseline results are reliable. Moreover, the Kleibergen-Paap rk LM statistic is
significant at the level of 1%, which can reject the hypothesis of insufficient identification of
instrumental variable. The weak instrumental variable test shows that both the Kleibergen-
Paap rk Wald and Cragg-Donald Wald F statistics are greater than 19.93, rejecting the null
hypothesis of weak IV at 1% level. The robust weak identification test, conducted with
Anderson-Rubin Wald test, rejects the null hypothesis that the sum of the endogenous
regression coefficients is zero at 1% level, which further supports the strong relevance of
the IVs and institutional ownership. The Hansen J-statistic fails to reject the null hypothesis,
suggesting that there are no issues with overidentification.

Table 7. Endogeneity test: Two-stage least squares model.

(1) (2) (3)
First Stage Second Stage

Variables InstInvest GreenPatent GreenInvent

InstInvest 184.4885 *** 111.1282 ***
(34.1393) (22.1974)

In500 0.0084 **
(0.0034)

Analyst 0.0017 ***
(0.0001)

Lev −0.0715 *** 5.3804 1.7689
(0.0114) (3.6537) (2.5830)

Firmage −0.0965 *** 43.5573 *** 23.1151 **
(0.0173) (15.2907) (8.0818)

Assetsize 0.0484 *** −9.4932 *** −5.7856 **
(0.0038) (2.8893) (1.7847)

Cashflow −0.0430 *** −0.2118 −0.4604
(0.0146) (4.8461) (3.5877)

Growth 0.0202 *** −3.9647 *** −2.7665 ***
(0.0025) (0.9183) (0.6393)

Roa 0.1378 *** −32.9562 *** −21.7431 ***
(0.0260) (8.3040) (5.4736)

Tobinq 0.0123 *** −3.1349 *** −1.8960 ***
(0.0012) (0.6761) (0.4113)

Mfee 0.0741 *** 0.6813 −3.3129
(0.0279) (6.1416) (3.9102)

Dual −0.0059 ** 0.3205 0.1077
(0.0029) (1.0259) (0.6835)

Indep −0.1280 *** 10.5987 7.2884
(0.0248) (10.8995) (7.2902)

Observations 20,872 20,872 20,872
Firm FE YES YES YES
Year FE YES YES YES
Kleibergen-Paap rk LM 102.79 ***
Kleibergen-Paap Wald rk F 73.65 *** [19.93]
Cragg-Donald Wald F 134.35 *** [19.93]
Anderson-Rubin Wald 35.12 ***
p-value for Hansen J statistic 0.2436 0.3221

Note: ** p < 0.05, *** p < 0.01. Standard error in parentheses.
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4.4.2. Heckman Two-Stage Model

To address the potential issue of sample selection bias, this study employs the Heck-
man two-step regression model. In the first stage, we transform the independent variable
into a dummy variable of institutional investors. This variable is coded as 1 if a firm’s insti-
tutional ownership is above the median of the distribution of the sample in the current year,
and 0 otherwise. Following this, we construct a Probit regression model of InstInvest_dumit

on the control variables employed in regression (1) to calculate the inverse Mills ratio (IMR).
In the second stage, we include the IMR obtained from the first stage as a control variable in
the benchmark regression model to test the effect of possible selection bias on the research
conclusion. We report the results of the second stage in Table 8.

Table 8. Endogeneity test: Heckman selection model.

(1) (2)
Variables GreenPatent GreenInvent

InstInvest 0.2901 ** 0.4763 ***
(0.1350) (0.1615)

IMR −1.4809 *** −1.3124 *
(0.5692) (0.6804)

Lev −0.1691 −0.3150
(0.1861) (0.2282)

Firmage 0.1765 0.1281
(0.3526) (0.3521)

Assetsize 0.2711 * 0.3178 *
(0.1429) (0.1741)

Cashflow −1.1748 *** −1.1708 **
(0.3958) (0.5073)

Growth 0.0457 −0.0176
(0.0441) (0.0540)

Roa −0.5017 −0.6790
(0.4242) (0.5088)

Tobinq −0.0507 −0.0357
(0.0332) (0.0384)

Mfee 2.2358 *** 1.5959 **
(0.6404) (0.6242)

Dual −0.3339 ** −0.3457 **
(0.1325) (0.1529)

Indep 0.4882 −0.0025
(0.4436) (0.4661)

Constant −2.1496 −3.3492
(4.0150) (4.9183)

Observations 26,572 23,595
Pseudo R2 0.838 0.830
Firm FE YES YES
Year FE YES YES

Note: * p < 0.10, ** p < 0.05, *** p < 0.01. Standard error in parentheses.

The results in Table 8 indicate that the IMR is significant in the two regressions,
which suggests that the baseline regression results are indeed subject to endogeneity issues
arising from sample selection bias. Therefore, it is necessary to control for this bias using
the Heckman two-step regression. Unsurprisingly, the coefficients of the institutional
ownership remain significantly positive at the 5% level for green patent and at the 1%
level for green invention, indicating that the baseline regression results are robust and the
conclusions hold after accounting for sample selection bias.
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4.4.3. GMM Test

The dynamic GMM estimations presented in Table 9 highlight a significant and persis-
tent influence of institutional investors on corporate green innovation. Across specifications,
the coefficient of InstInvest is positive and statistically significant for both green inven-
tion patents and overall green patents, suggesting that firms with higher institutional
ownership exhibit stronger incentives to engage in environmentally oriented innovation.
This finding aligns with the view that institutional investors act as effective governance
agents who reduce information asymmetry and encourage long-term, sustainability-driven
R&D strategies.

Table 9. Endogeneity test: Generalized Method of Moments (GMM).

Variables
(1) (2) (3)

GreenPatent GreenInvent GreenUtility

LGreenPatent 0.787 ***
(2.930)

LGreenInvent 0.822 *
(1.850)

LGreenUtility 0.520 *
(1.828)

InstInvest 5.552 ** 6.487 ** 1.847
(2.504) (2.235) (0.814)

Lev 3.189 0.423 0.005
(0.608) (0.073) (0.001)

Firmage −0.871 0.411 −3.237
(−0.297) (0.175) (−0.841)

Assetsize −0.162 −0.305 0.919
(−0.211) (−0.360) (0.971)

Cashflow −10.239 −10.226 −7.623
(−1.212) (−1.171) (−0.988)

Growth −1.003 −1.580 −0.510
(−1.061) (−1.424) (−0.570)

Roa −1.749 −5.555 4.487
(−0.223) (−0.619) (0.612)

Tobinq 0.274 −0.073 0.333
(0.912) (−0.171) (1.022)

Mfee 1.064 2.190 1.972
(0.107) (0.222) (0.201)

Dual −0.920 −0.688 −1.190
(−0.712) (−0.422) (−1.061)

Indep −5.495 −4.130 6.407
(−0.384) (−0.287) (0.654)

Constant 6.625 6.655 −12.017
(0.526) (0.402) (−0.941)

AR(1) 0.000 0.007 0.002
AR(2) 0.136 0.707 0.407

Sargan test 0.909 0.971 0.534
Hansen test 0.973 0.995 0.811

Observations 26,580 26,580 26,580
Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. T value in parentheses.

The lagged dependent variables are also positive and significant, confirming the path-
dependent and cumulative nature of green innovation—firms with past innovation records
tend to maintain or expand such efforts. Diagnostic tests validate the reliability of the GMM
specification: the Arellano–Bond AR (1) test indicates expected first-order autocorrelation,
while AR (2) fails to reject the null of no second-order autocorrelation, and both Sargan and
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Hansen tests confirm instrument validity. Overall, these results provide strong empirical
evidence that institutional investors play a sustained and catalytic role in promoting firms’
green innovation capacity.

4.5. Robustness Tests
4.5.1. Alternative Measure of Green Innovation

To enhance the robustness of our results, we use the number of a corporate’s au-
thorized green patents as an alternative measure of green innovation quantity and the
number of authorized green inventions as an alternative proxy for green innovation quality.
The results, presented in columns (1) and (2) of Table 10, show that the coefficients for
institutional ownership are both significantly positive in both models, further supporting
the robustness of our main findings.

Table 10. Other robustness tests.

Alternative Measurement of
Green Innovation

Fixed Effects
(Firm Year Industry City)

Zero-Inflated Poisson
Estimation

(1) (2) (3) (4) (5) (6)
Variables GreenPatent1 GreenInvent1 GreenPatent GreenInvent GreenPatent GreenInvent

InstInvest 0.309 * 0.613 ** 0.337 ** 0.515 *** 2.232 *** 2.338 ***
(0.163) (0.264) (0.145) (0.180) (0.160) (0.176)

Lev −0.140 −0.736 *** −0.276 −0.386 * −0.189 −0.105
(0.153) (0.228) (0.175) (0.217) (0.133) (0.139)

Firmage 0.380 0.294 0.308 0.206 0.122 ** 0.162 ***
(0.376) (0.390) (0.377) (0.368) (0.061) (0.063)

Assetsize 0.508 *** 0.563 *** 0.567 *** 0.570 *** −0.606 *** −0.656 ***
(0.056) (0.072) (0.057) (0.070) (0.021) (0.021)

Cashflow 0.116 0.472 −0.525 * −0.623 1.415 *** 1.647 ***
(0.228) (0.381) (0.292) (0.389) (0.287) (0.297)

Growth −0.008 −0.177 ** 0.008 −0.051 −0.128 *** −0.125 ***
(0.047) (0.082) (0.043) (0.053) (0.048) (0.045)

Roa −0.618 * −1.550 *** 0.083 −0.160 −0.335 −0.497
(0.329) (0.444) (0.308) (0.367) (0.364) (0.404)

Tobinq −0.013 −0.003 0.015 0.022 −0.000 −0.033
(0.022) (0.025) (0.017) (0.018) (0.021) (0.022)

Mfee 2.098 *** 0.088 1.400 ** 0.842 −0.399 −1.089 **
(0.779) (0.646) (0.554) (0.523) (0.446) (0.471)

Dual −0.089 −0.011 −0.120 −0.160 * 0.066 ** 0.139 ***
(0.088) (0.087) (0.079) (0.092) (0.032) (0.031)

Indep 0.380 −0.128 0.032 −0.352 0.149 0.048
(0.384) (0.602) (0.367) (0.378) (0.267) (0.256)

Constant −10.008 *** −11.300 *** −10.599 *** −10.495 *** −72.007 ** −89.609 ***
(1.722) (2.070) (1.561) (1.906) (28.805) (28.371)

Observations 25,332 17,872 26,425 23,579 32,396 32,396
Pseudo R2 0.823 0.813 0.839 0.832 -- --
Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES
Industry FE NO NO YES YES NO NO
City FE NO NO YES YES NO NO

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

4.5.2. High-Dimensional Fixed Effects and Standard Error Assumptions

Although the benchmark regressions controlled for year and individual fixed effects,
the results might vary due to different regions and industries. This paper further control
for city and industry fixed effects. The results in column (3) and (4) of Table 10 show that
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institutional investors significantly enhance green innovation after controlling for year,
firm, city and industry fixed effects, indicating that the findings are robust. Furthermore,
we controlled for joint fixed effects, including industry-year and region-year interaction
fixed effects. See Supplementary Material Tables S2 and S3 for details.

4.5.3. Zero-Inflated Poisson Estimation

Furthermore, we conduct a robustness check by applying the zero-inflated Poisson
model, which jointly models both the zeros and the nonzero counts. Column (5) and (6) of
Table 10 present that zero-inflated Poisson regression results on the associations between
institutional ownership and both types of green innovation are significantly positive. This
is consistent with the baseline results.

4.6. Driving Role of “Double Externalities” and Mechanism Analysis

The preceding analysis has established that institutional ownership exerts a signif-
icant positive influence on corporate green innovation, attributable to their capacity to
rectify the “dual externalities” of environmental protection and knowledge spillovers. Our
theoretical analysis posits that when the positive environmental externalities of corporate
green innovation are not effectively rectified (i.e., when government environmental sub-
sidies are low), the incentive effect and mechanism of institutional investor involvement
on green innovation are more pronounced. Here, this study conducts group regressions
based on the mean level of government environmental subsidies. If the incentive effect
and mechanism of institutional investors on corporate green innovation are more signifi-
cant in firms with lower environmental subsidies, this would validate the driving role of
environmental externalities.

Similarly, this study further considers the positive externalities of knowledge spillovers.
If the incentive effect and mechanism of institutional ownership on corporate green innova-
tion are more pronounced in regions with lower IPP, this would validate the driving role
of knowledge spillover externalities. Accordingly, this study identifies whether the “dual
externalities” of environment and knowledge spillovers play a key role in the incentive
effect of institutional ownership on corporate green innovation.

4.6.1. Results of the Driving Role of “Double Externalities”

To verify the role of “double externalities” of green innovation in the impact of insti-
tutional investors on corporate green innovation, this study divides the sample into two
groups based on the mean levels of government environmental subsidies and regional IPP
and re-conducts group regressions on Equation (1). Table 11 reports the results of the group
regressions based on the mean level of environmental subsidies, which are used to test
the driving effect of positive environmental externalities. Columns (1) and (2) of Table 11
present the regression results for the high environmental subsidy group, while columns
(3) and (4) show the results for the low environmental subsidy group. Consistent with our
expectations, the impacts of institutional investors on green innovation are substantially
positive in setting with low environmental subsidies where environmental externalities are
greater. In contrast, there is no effect on firms with high environmental subsidies. Moreover,
the coefficient difference tests are significant. This suggests that positive environmental
externalities are indeed a significant factor in the impact of institutional ownership on
corporate green innovation.
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Table 11. Impact of positive environmental externalities.

(1) (2) (3) (4)
Environment Subsidies High Low
Variables GreenPatent GreenInvent GreenPatent GreenInvent

InstInvest 0.550 0.365 0.445 *** 0.624 ***
(0.459) (0.496) (0.146) (0.185)

Lev −0.685 −0.815 −0.334 * −0.440 **
(0.539) (0.513) (0.180) (0.221)

Firmage 1.827 ** 2.617 *** 0.389 0.266
(0.813) (0.746) (0.319) (0.319)

Assetsize 0.296 * 0.553 *** 0.602 *** 0.611 ***
(0.172) (0.169) (0.055) (0.069)

Cashflow 1.386 2.129 ** −0.609 ** −0.619
(0.899) (0.878) (0.301) (0.406)

Growth 0.015 0.002 −0.005 −0.066
(0.148) (0.136) (0.046) (0.055)

Roa −0.750 −0.197 0.203 0.044
(1.383) (1.439) (0.342) (0.406)

Tobinq −0.134 * −0.132 ** 0.007 0.016
(0.070) (0.063) (0.017) (0.018)

Mfee −3.454 −1.018 1.659 *** 1.031 **
(2.153) (1.910) (0.511) (0.505)

Dual −0.187 −0.476 *** −0.128 * −0.168 *
(0.146) (0.168) (0.076) (0.088)

Indep −1.071 −0.324 0.251 −0.456
(0.708) (0.777) (0.427) (0.440)

Constant −6.861 −15.507 *** −11.766 *** −11.652 ***
(4.797) (4.733) (1.457) (1.839)

Observations 1627 1407 23,943 21,131
Pseudo R2 0.870 0.868 0.845 0.833
Firm FE YES YES YES YES
Year FE YES YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

Table 12 presents the results of the group regressions based on the mean level of
regional IPP which are used to test the driving effect of positive knowledge spillover
externalities. The regression results for the high IPP group are shown in columns (1) and (2),
and those for the low IPP group are shown in columns (3) and (4). The results indicate that
for firms in regions with low levels of IPP, institutional ownership significantly enhances
their green innovation performance. Conversely, for firms in regions with high levels of IPP,
there is no correlation between institutional ownership and green innovation. Further, the
coefficient difference tests reveal that for green innovation quantity, there is no significant
difference in the impact of institutional ownership on green innovation between firms in
regions with high and low levels of IPP. However, for green innovation quality, the inter-
group difference is significant. Therefore, the positive knowledge spillover externalities are
a key factor in the impact of institutional ownership on green innovation, and this impact
is more pronounced in terms of green innovation quality.
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Table 12. Impact of positive knowledge spillover externalities.

(1) (2) (3) (4)
IPP High Low
Variables GreenPatent GreenInvent GreenPatent GreenInvent

InstInvest 0.251 0.343 0.601 *** 0.875 ***
(0.172) (0.211) (0.214) (0.257)

Lev −0.075 −0.219 −0.520 ** −0.525 *
(0.227) (0.272) (0.240) (0.278)

Firmage 0.344 0.175 −0.119 −0.022
(0.429) (0.411) (0.553) (0.495)

Assetsize 0.456 *** 0.480 *** 0.569 *** 0.531 ***
(0.079) (0.092) (0.060) (0.071)

Cashflow −0.576 −0.672 −0.198 0.070
(0.418) (0.547) (0.305) (0.338)

Growth −0.053 −0.175 ** 0.027 0.045
(0.064) (0.080) (0.041) (0.040)

Roa 0.029 −0.007 1.121 ** 0.751
(0.356) (0.451) (0.453) (0.508)

Tobinq 0.018 0.022 0.017 0.025
(0.025) (0.024) (0.019) (0.022)

Mfee 2.179 ** 1.589 ** 0.377 −0.209
(0.880) (0.748) (0.518) (0.566)

Dual −0.183 * −0.282 ** −0.043 −0.037
(0.101) (0.114) (0.069) (0.086)

Indep −0.053 −1.273 ** −0.389 −0.198
(0.646) (0.618) (0.365) (0.341)

Constant −7.970 *** −7.719 *** −9.331 *** −9.233 ***
(2.060) (2.378) (1.737) (1.929)

Observations 14,354 12,481 10,032 8760
Pseudo R2 0.833 0.826 0.869 0.864
Firm FE YES YES YES YES
Year FE YES YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

4.6.2. Mechanism Analysis Under the Driving Role of “Double Externalities”

The empirical results of mechanism analysis based on Equations (2) and (3) are listed
in Table 13. Column (1) shows that InstInvest is positively related to Opacity (coeff. = 0.174;
p-value < 0.01). Column (2) shows a significant positive relationship between institutional
ownership and green patent (coeff. = 0.06; p-value < 0.05). Column (3) shows that institu-
tional ownership is positively and significantly related to green invention (coeff. = 0.073;
p-value < 0.05). These results show that in the presence of corporate information trans-
parency, institutional investors are positively related to green innovation quantity as well
as its quality.

To further validate whether the “corporate information transparency” mechanism
through which institutional ownership promotes corporate green innovation is driven by
the “double externalities”, we conduct subsample mechanism tests. The subsample test
results for environmental externalities are shown in Table 14. Columns (4)–(6) show that
for firms with low environmental subsidies, where the positive environmental externalities
of green innovation have not been effectively internalized, institutional investors can
incentivize green innovation by enhancing corporate transparency. In contrast, in columns
(1)–(3) for firms with high environmental subsidies, where the positive environmental
externalities have been partially internalized, the effect of institutional investors on green
innovation through the corporate transparency mechanism is not significant. In addition,
the coefficient difference tests are significant.
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Table 13. Mechanism analysis: corporate information transparency.

(1) (2) (3)
Variables Opacity GreenPatent GreenInvent

Opacity 0.060 ** 0.073 **
(0.024) (0.031)

InstInvest 0.174 *** 0.375 *** 0.573 ***
(0.042) (0.140) (0.175)

lev −0.367 *** −0.163 −0.220
(0.043) (0.195) (0.243)

Firmage −0.323 *** −0.484 −0.976 **
(0.067) (0.339) (0.387)

Assetsize 0.107 *** 0.582 *** 0.603 ***
(0.011) (0.047) (0.056)

Cashflow −0.211 *** −0.558 * −0.629
(0.066) (0.312) (0.426)

Growth 0.007 0.019 −0.040
(0.011) (0.033) (0.042)

Roa 1.491 *** −0.382 −0.630 *
(0.091) (0.303) (0.365)

Tobinq 0.017 *** 0.011 0.020
(0.005) (0.018) (0.019)

Mfee −0.541 *** 0.843 ** 0.541
(0.112) (0.423) (0.530)

Dual 0.004 −0.113 −0.141
(0.012) (0.080) (0.098)

Indep −0.159 −0.342 −0.383
(0.112) (0.362) (0.403)

Constant 1.726 *** −8.699 *** −8.124 ***
(0.315) (1.363) (1.668)

Observations 24,609 20,407 18,088
R2/Pseudo R2 0.522 0.848 0.837
Firm FE YES YES YES
Year FE YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

Table 14. Subsamples of environmental externalities: mechanism analysis.

(1) (2) (3) (4) (5) (6)
Environment Subsidies High Low
Variables Opacity GreenPatent GreenInvent Opacity GreenPatent GreenInvent

Opacity 0.054 −0.017 0.053 ** 0.070 **
(0.071) (0.073) (0.025) (0.032)

InstInvest 0.094 −0.601 −0.274 0.190 *** 0.491 *** 0.659 ***
(0.183) (0.445) (0.507) (0.045) (0.147) (0.188)

Lev −0.322 0.496 0.174 −0.341 *** −0.121 −0.149
(0.234) (0.624) (0.659) (0.044) (0.201) (0.248)

Firmage 1.053 *** −1.098 −0.417 −0.318 *** −0.293 −0.762 **
(0.374) (1.007) (1.246) (0.074) (0.328) (0.365)

Assetsize −0.036 0.069 0.204 0.106 *** 0.591 *** 0.607 ***
(0.071) (0.237) (0.269) (0.012) (0.050) (0.060)

Cashflow −0.154 −0.658 0.424 −0.224 *** −0.540 * −0.619
(0.359) (0.776) (0.818) (0.069) (0.322) (0.444)

Growth 0.052 0.208 0.249 0.002 −0.003 −0.069
(0.063) (0.130) (0.154) (0.012) (0.035) (0.045)
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Table 14. Cont.

(1) (2) (3) (4) (5) (6)
Environment Subsidies High Low
Variables Opacity GreenPatent GreenInvent Opacity GreenPatent GreenInvent

Roa 1.573 *** −0.101 0.942 1.478 *** −0.365 −0.567
(0.487) (1.644) (1.687) (0.093) (0.326) (0.394)

Tobinq −0.015 −0.099 −0.124 * 0.018 *** 0.003 0.014
(0.027) (0.067) (0.073) (0.005) (0.018) (0.019)

Mfee 0.086 −4.029 * −1.889 −0.531 *** 0.897 ** 0.482
(0.627) (2.057) (2.128) (0.114) (0.447) (0.565)

Dual −0.076 0.007 −0.278 * 0.005 −0.126 −0.150
(0.063) (0.133) (0.150) (0.013) (0.086) (0.103)

Indep −0.238 0.582 2.134 ** −0.212 * −0.582 −0.762 *
(0.525) (0.791) (0.914) (0.119) (0.402) (0.455)

Constant 1.256 6.078 0.518 1.731 *** −9.453 *** −8.770 ***
(1.675) (6.071) (6.964) (0.348) (1.469) (1.768)

Observations 1192 892 743 23,028 18,862 16,647
R2/Pseudo R2 0.600 0.921 0.916 0.538 0.844 0.832
Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

Table 15 reports the impact of positive knowledge spillover externalities. Columns
(4)–(6) show that for firms in regions with low levels of IPP, where the positive knowledge
spillover externalities of green innovation have not been effectively internalized, institu-
tional investors can incentivize green innovation by increasing corporate transparency.
Conversely, columns (1)–(3) present that for firms in regions with high levels of IPP, where
the gap between private and social returns from green innovation is relatively smaller and
firms have a stronger motivation for green innovation, the effect of institutional investors
on green innovation through the corporate transparency mechanism is not significant. The
coefficient difference tests are also significant.

Table 15. Subsamples of knowledge spillover externalities: mechanism analysis.

(1) (2) (3) (4) (5) (6)
IPP High Low
Variables Opacity GreenPatent GreenInvent Opacity GreenPatent GreenInvent

Opacity 0.037 0.039 0.081 ** 0.112 ***
(0.033) (0.042) (0.033) (0.042)

InstInvest 0.159 *** 0.311 * 0.491 ** 0.202 ** 0.586 ** 0.797 **
(0.056) (0.169) (0.205) (0.084) (0.265) (0.319)

Lev −0.385 *** −0.376 −0.374 −0.335 *** 0.258 0.344
(0.060) (0.241) (0.290) (0.079) (0.266) (0.313)

Firmage −0.225 *** −0.573 * −0.943 ** −0.644 *** −0.112 −0.152
(0.082) (0.319) (0.375) (0.173) (0.590) (0.650)

Assetsize 0.103 *** 0.637 *** 0.655 *** 0.099 *** 0.422 *** 0.390 ***
(0.015) (0.048) (0.055) (0.024) (0.072) (0.087)

Cashflow −0.239 *** −0.371 −0.571 −0.161 −0.220 0.011
(0.089) (0.417) (0.583) (0.116) (0.324) (0.349)

Growth 0.023 0.015 −0.103 0.005 −0.027 −0.001
(0.016) (0.054) (0.069) (0.017) (0.049) (0.051)
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Table 15. Cont.

(1) (2) (3) (4) (5) (6)
IPP High Low
Variables Opacity GreenPatent GreenInvent Opacity GreenPatent GreenInvent

Roa 1.442 *** −0.594 * −0.452 1.576 *** 1.083 ** 0.658
(0.126) (0.316) (0.416) (0.144) (0.505) (0.598)

Tobinq 0.021 *** 0.018 0.014 0.016 ** −0.011 0.013
(0.007) (0.020) (0.022) (0.008) (0.022) (0.022)

Mfee −0.713 *** 1.482 ** 1.423 * −0.282 −0.451 −1.186 *
(0.157) (0.622) (0.778) (0.179) (0.614) (0.681)

Dual 0.014 −0.119 −0.184 ** −0.004 0.037 0.098
(0.016) (0.074) (0.091) (0.023) (0.066) (0.086)

Indep −0.179 −0.152 −0.180 −0.090 −0.362 −0.360
(0.151) (0.638) (0.689) (0.198) (0.330) (0.348)

Constant 1.562 *** −9.604 *** −9.252 *** 2.757 *** −6.526 *** −6.308 ***
(0.431) (1.241) (1.659) (0.629) (2.200) (2.276)

Observations 14,508 11,558 10,008 9395 7144 6243
R2/Pseudo R2 0.567 0.853 0.842 0.590 0.871 0.864
Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

Therefore, the above results confirm Hypothesis 2 that both positive environmental
externalities and positive knowledge spillover externalities are key factors driving institu-
tional investors to promote corporate green innovation through information transparency.

4.7. Heterogeneity Effects
4.7.1. Confucian Culture Heterogeneity Analysis

To test Hypothesis 3, we conduct a heterogeneity analysis based on whether the
intensity of Confucian culture is above or below the median of the sample. Drawing on the
previous research [48,82–84], we use the number of Confucian academies within a 150-km
radius of a firm’s registered address as proxy variable for the intensity of Confucian culture.
We first split the sample around the median of Confucian culture intensity and then repeat
the baseline regression in Equation (1). The regression results, in Table 16, show clear
evidence that institutional investors positively affect both green patent and green invention
at 1% significant level in the group of companies located in weak Confucianism atmosphere,
while there are no effects from institutional shareholders to green innovation in the sample
of firms in strong Confucian culture. The coefficient difference tests are significant.

Table 16. Confucian culture heterogeneity regression.

(1) (2) (3) (4)
Confucianism Strong Weak
Variables GreenPatent GreenInvent GreenPatent GreenInvent

InstInvest 0.098 0.049 0.767 *** 1.252 ***
(0.195) (0.222) (0.182) (0.224)

Lev −0.118 −0.298 −0.358 −0.429
(0.218) (0.261) (0.243) (0.291)

Firmage 0.719 0.873 * −0.778 ** −0.965 **
(0.447) (0.448) (0.359) (0.444)

Assetsize 0.507 *** 0.581 *** 0.611 *** 0.511 ***
(0.077) (0.091) (0.050) (0.061)

Cashflow −0.682 ** −0.535 −0.302 −0.656
(0.338) (0.391) (0.484) (0.710)
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Table 16. Cont.

(1) (2) (3) (4)
Confucianism Strong Weak
Variables GreenPatent GreenInvent GreenPatent GreenInvent

Growth 0.008 −0.036 0.022 −0.053
(0.058) (0.071) (0.056) (0.066)

Roa 0.046 −0.370 0.320 0.121
(0.415) (0.492) (0.360) (0.448)

Tobinq 0.014 0.049 ** 0.006 −0.025
(0.022) (0.024) (0.024) (0.025)

Mfee 0.822 0.515 2.035 ** 1.138
(0.658) (0.635) (0.830) (0.747)

Dual −0.161 −0.176 −0.070 −0.163 **
(0.120) (0.139) (0.064) (0.072)

Indep −0.206 −0.388 0.748 −0.173
(0.429) (0.429) (0.733) (0.665)

Constant −9.965 *** −12.382 *** −9.083 *** −6.021 ***
(2.308) (2.745) (1.516) (1.934)

Observations 14,304 12,818 12,142 10,648
Pseudo R2 0.847 0.839 0.823 0.819
Firm FE YES YES YES YES
Year FE YES YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

4.7.2. Market Sentiment Heterogeneity Analysis

Next, we turn to the heterogeneity in market sentiment in Table 17. First, we use
the total number of posts in the post forum of the listed company as a proxy for market
sentiment [50,85–87]. Stock forums operate as unofficial, non-mandatory communication
spaces where most participants are small investors who either hold or intend to hold the
firm’s stock. The posting volume thus provides a firm-specific, high-frequency indicator
of collective sentiment. Then, we divide the sample around the median of the market
sentiment. The regression results, in Table 17, are consistent with our expectation in
Hypothesis 4. Columns (1) and (2) show that the positive effects on green innovation
are clearly driven by an increase in institutional ownership in the period of high market
sentiment. However, there is no significant effect of the institutional investors on green
innovation on the chances of low market sentiment, as shown in columns (3) and (4).

Table 17. Market sentiment heterogeneity regression.

(1) (2) (3) (4)
Sentiment High Low
Variables GreenPatent GreenInvent GreenPatent GreenInvent

InstInvest 0.430 ** 0.477 * −0.112 0.143
(0.201) (0.247) (0.190) (0.213)

Lev −0.506 ** −0.681 ** −0.098 −0.017
(0.226) (0.280) (0.174) (0.203)

Firmage 0.521 0.412 0.635 * 0.763 *
(0.439) (0.428) (0.384) (0.409)

Assetsize 0.555 *** 0.599 *** 0.480 *** 0.459 ***
(0.066) (0.082) (0.075) (0.073)

Cashflow −0.593 −0.590 0.487 0.497
(0.376) (0.484) (0.359) (0.405)

Growth 0.040 −0.029 0.014 −0.045
(0.054) (0.065) (0.055) (0.064)

Roa −0.089 −0.286 −0.044 −0.247
(0.419) (0.499) (0.416) (0.542)
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Table 17. Cont.

(1) (2) (3) (4)
Sentiment High Low
Variables GreenPatent GreenInvent GreenPatent GreenInvent

Tobinq 0.024 0.038 * 0.026 0.023
(0.023) (0.023) (0.023) (0.024)

Mfee 1.681 ** 0.997 * −0.039 −0.090
(0.662) (0.523) (0.957) (0.945)

Dual −0.123 −0.172 * −0.051 −0.039
(0.089) (0.100) (0.056) (0.076)

Indep 0.098 −0.392 0.870 * 0.476
(0.415) (0.400) (0.510) (0.594)

Constant −10.738 *** −11.481 *** −10.144 *** −10.456 ***
(1.884) (2.236) (1.691) (1.810)

Observations 12,366 11,051 11,023 9215
Pseudo R2 0.866 0.856 0.723 0.700
Firm FE YES YES YES YES
Year FE YES YES YES YES

Note: * p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01. Stand Error value in parentheses.

4.7.3. Institutional Ownership Heterogeneity Analysis

To further explore the heterogeneity of institutional investors, we distinguish be-
tween stable and trading institutional investors, following Sakaki & Jory (2019) and
Zhang et al. (2025) [84,88]. This distinction captures differences in investment horizons
and behavioral characteristics that may shape firms’ green innovation in distinct ways.
We analyze the impact of different types of institutional investors on corporate green
innovation by dividing firms into two groups, based on institutional ownership volatility.

Following previous research [84,88], we classified institutional investors into sta-
ble institutional investors and trading institutional investors according to institutional
ownership volatility. Specifically, we calculate an indicator to measure institutional
ownership volatility.

SDit =
InstInvestit

STD(InstInvestit−3, InstInvestit−2, InstInvestit−1)
(13)

InstInvestit =

{
1, SDit ≥ MEDIANtjSDtj

0, others
(14)

where InstInvestit represents institutional ownership for firm i on year t. STD(InstInvestit−3,
InstInvestit−2, InstInvestit−1) represents the standard deviation of institutional ownership
over the previous three years, which is used to measure institutional ownership volatility.
MEDIANtjSDtj represents the median of the volatility of institutional ownership for industry
j on year t. Then, we classify institutional investors as stable institutional investors in the
firm i on year t if SDit is greater than or equal to the median. Conversely, we define institu-
tional investors as trading institutional investors in the firm i on year t if SDit is lower than
the median.

We report the results in Table 18. Column (3) and (4) show that the coefficients of
stable institutional ownership are 0.859 and 1.124, which are statistically significant at the
1% level. This indicates a positive correlation between trading institutional ownership
and corporate green innovation. Column (1) and (2) show that the coefficients of stable
institutional ownership are not significant. This indicates no significant impact of stable
institutional ownership on corporate green innovation. This finding provides a novel
insight into the heterogeneity of institutional investors. Contrary to the conventional view
that long-horizon investors are the primary promoters of sustainability-oriented innovation,
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the results suggest that short-horizon trading institutional investors are more responsive to
market-based ESG incentives and policy signals in China’s transition economy, whereas
stable investors tend to adopt a more cautious approach amid institutional uncertainty.

Table 18. Institutional investor heterogeneity regression.

(1) (2) (3) (4)
Stable Institutional Ownership Trading Institutional Ownership

Variables GreenPatent GreenInvent GreenPatent GreenInvent

InstInvest −0.176 −0.241 0.859 *** 1.214 ***
(0.271) (0.329) (0.182) (0.199)

Lev −0.616 ** −0.639 −0.136 −0.241
(0.308) (0.390) (0.213) (0.234)

Firmage 0.165 0.398 −0.045 −0.988 *
(0.464) (0.472) (0.527) (0.513)

Assetsize 0.574 *** 0.612 *** 0.570 *** 0.582 ***
(0.083) (0.101) (0.070) (0.068)

Cashflow −0.583 −0.645 −0.710 ** −0.548
(0.448) (0.568) (0.284) (0.358)

Growth −0.033 −0.073 0.051 −0.029
(0.079) (0.098) (0.051) (0.063)

Roa −0.105 −0.420 0.257 −0.103
(0.571) (0.675) (0.371) (0.451)

Tobinq 0.026 0.060 * 0.028 0.036
(0.029) (0.033) (0.025) (0.025)

Mfee 1.259 1.019 2.115 ** 0.987
(0.822) (0.813) (0.854) (0.601)

Dual −0.139 −0.157 −0.137 ** −0.262 ***
(0.134) (0.152) (0.059) (0.069)

Indep 0.058 −0.125 0.132 −0.969
(0.487) (0.492) (0.822) (0.615)

Constant −9.591 *** −11.399 *** −10.276 *** −7.513 ***
(2.435) (2.902) (2.242) (1.788)

Observations 9763 8650 9512 8242
Pseudo R2 0.873 0.863 0.768 0.755
Firm FE YES YES YES YES
Year FE YES YES YES YES

Note: * p < 0.10, ** p < 0.05, *** p < 0.01. Standard error in parentheses.

5. Implications and Limitations
5.1. Theoretical Implications

First, this study highlights the positive role of institutional ownership in promoting
green innovation, offering new insights from the perspective of externality internalization.
Our findings suggest that institutional investors help drive green innovation even in the
presence of weak externality internalization, underscoring their compensatory role in
China’s transition economy. This extends the classic argument that institutions reduce
transaction costs by showing that financial market actors can also mitigate the market
failures associated with the double externalities of green innovation [1,2,27]. In doing
so, our study emphasizes how external governance actors shape firms’ sustainability
strategies under institutional voids [89], and enrich the growing sustainable finance and
ESG stewardship literature [6,10,18], by conceptualizing institutional investors not merely
as capital providers but as institutional agents capable of aligning private incentives with
social sustainability goals.

Second, this study enriches the literature on corporate governance and sustainable
finance by introducing transparency as a key mechanism through which institutional
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investors exert influence. While prior work has often focused on regulatory disclosure
mandates [90], we show that investors themselves can strategically leverage transparency
to alleviate information asymmetries and innovation-related uncertainties. This mech-
anism not only complements research on corporate information environments [91], but
also extends that private actors increasingly shape environmental outcomes through soft
governance and voluntary monitoring [92]. By framing transparency as an active tool
of investor governance, we reposition institutional investors from passive monitors to
proactive architects of innovation-oriented disclosure regimes.

Third, our findings contribute to the co-evolutionary perspective on institutions in
transitional economies. The Chinese context illustrates how macro-level reforms, such as
the split-share reform, interact with micro-level governance mechanisms like institutional
investor activism to produce systemic effects on innovation. This shows how ownership
structures and capital market reforms shape firm-level innovation trajectories [93]. By
situating institutional investors within the framework of new institutional economics,
we demonstrate that they operate at the intersection of formal and informal institutions,
bridging regulatory gaps while aligning corporate strategies with long-term environmental
objectives. In this way, our study advances theories of institutional change and sustain-
ability governance by showing how financial actors become embedded in the institutional
fabric of green transitions [94].

Beyond the theoretical insights, this study makes a methodological contribution by
integrating econometric identification with modern machine learning optimization. Specifi-
cally, we employ a double machine learning (DML) framework that combines cross-fitting
with flexible estimators such as random forest, gradient boosting, Lasso, and Ridge. This
approach ensures that the estimation of nuisance functions satisfies Neyman-orthogonality
conditions, thereby delivering unbiased and root-n consistent estimates even in the presence
of high-dimensional confounders [95]. By capturing both linear and nonlinear dependen-
cies, the framework extends beyond conventional fixed-effects regressions to uncover
more complex substitution patterns between institutional investors and formal governance
mechanisms. Moreover, the comparative analysis across multiple algorithms highlights
the trade-offs between variance reduction in tree-based methods and regularization in
penalized linear models, illustrating the complementarity of different optimization strate-
gies. Taken together, our methodological design contributes to the growing literature at the
intersection of causal inference and machine learning, providing a replicable framework for
studying sustainability transitions and other domains characterized by double externalities
and high-dimensional data environments [74,77].

5.2. Practical Implications

First, for policymakers in emerging markets, our findings suggest that empowering
institutional investors through enhanced disclosure requirements and targeted stewardship
incentives can significantly stimulate green innovation, even in contexts where externality
pricing mechanisms are not fully developed. Instead of delaying reforms until market-based
instruments such as carbon pricing or green subsidies mature, regulators can strategically
mobilize institutional investors to bridge the governance gap. Concrete measures may
include mandating standardized environmental disclosure, expanding ESG rating systems,
and designing tax or reputational incentives that encourage long-term stewardship. These
actions can amplify the monitoring capacity of institutional investors and channel private
capital toward innovation aligned with national sustainability strategies.

Second, for firms, recognizing the influence of institutional investors in shaping
innovation outcomes highlights the need to align internal sustainability agendas with
investor expectations. Companies can proactively improve the transparency of their R&D
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processes, strengthen ESG communication, and integrate environmental objectives into
strategic planning to attract and retain long-term oriented investors. By building trust
through credible disclosure and consistent performance, firms not only secure financing
but also reduce the uncertainty associated with high-risk green innovation projects.

Finally, for institutional investors themselves, the results underscore the value of
adopting an active governance approach that goes beyond financial oversight. By system-
atically integrating environmental considerations into portfolio management, investors can
enhance both firm-level innovation and their own long-term returns. This entails refining
engagement strategies with portfolio firms, demanding clearer environmental disclosure,
and incorporating green innovation metrics into investment decision-making. Such prac-
tices enable institutional investors to position themselves as central actors in sustainability
transitions, simultaneously achieving fiduciary duties and advancing environmental goals.

5.3. Limitations and Future Research

While this study offers novel insights, it has several limitations that suggest directions
for future research. First, our market sentiment framework is based on a single-country
context. China’s hybrid institutional system, marked by strong government involvement
and evolving market institutions, may amplify the compensatory role of institutional
investors in internalizing green innovation externalities. Future research could extend
this analysis to cross-country settings to assess whether similar mechanisms hold in ad-
vanced markets with mature ESG governance systems or in other emerging economies
with different institutional voids. Second, although patent data provide an objective and
comparable indicator of technological output, they may not capture all forms of green
innovation, particularly non-patentable or process-oriented improvements. In addition,
macroeconomic fluctuations and regulatory reforms during the study period may have
influenced both investor behavior and innovation incentives; however, these contextual
dynamics were beyond the analytical focus of this study and were controlled through year
and industry fixed effects. Future research could explicitly examine how such macro-level
shifts interact with institutional mechanisms to shape green innovation outcomes. Fur-
thermore, while we highlight the importance of financial governance systems in fostering
green innovation, further research is needed to explore how specific governance structures
may vary across industries or firm sizes. Finally, while this study emphasizes the role of
institutional investors, future research could investigate the interactions between different
types of investors and their varying impacts on sustainability outcomes.

6. Conclusions
This study examines the role of institutional investors in promoting green innovation

under the challenge of double externalities. Drawing on data from Chinese listed firms and
combining fixed-effects regressions with double machine learning, we show that institu-
tional ownership significantly enhances both the scale and quality of green innovation. By
highlighting transparency as a compensatory governance mechanism, our findings extend
theories of externality internalization and corporate governance, while also illustrating how
financial actors can substitute for incomplete formal institutions in transitional economies.
For practice, the results imply that regulators can strategically empower institutional in-
vestors to bridge governance gaps, firms can align sustainability strategies with investor
expectations, and investors themselves can leverage active stewardship to advance both en-
vironmental and financial performance. Overall, the study demonstrates that institutional
investors are indispensable drivers of sustainable innovation in emerging markets.
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