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Abstract

Artificial intelligence technology plays an important role in driving the coordinated devel-
opment of intelligentization and greenization in China’s manufacturing industry. However,
there may be differences in enterprises’ capabilities to advance this coordinated develop-
ment, and it remains unclear whether promoting such dual transformation is an individual
behavior or a collective phenomenon. This paper employs the entropy weight method
and the coupling coordination degree model to measure the level of coordinated devel-
opment between enterprise intelligentization and greenization, and examines the peer
effects of dual transformation among enterprises. The findings show that enterprise intel-
ligentization lags behind greenization, with the two aspects being in a state of low-level
coupling but steadily improving. Additionally, there are significant peer effects in the coor-
dinated development of enterprise intelligentization and greenization, with their formation
mechanisms primarily reflected in intelligentization enabling greenization, intra-industry
competition, and the learning effect of followers from leaders. Heterogeneity analysis
shows that the peer effects in the coordinated development of intelligentization and gre-
enization are more pronounced among state-owned enterprises and technology-intensive
firms. Moreover, enterprises located in the same province, within the same large-scale city,
or within the same interlocking directorate network are more likely to exhibit peer effects
in dual transformation.

Keywords: peer effects; intelligentization; greenization; coordinated transformation;
coupling coordination degree model

1. Introduction
The coordinated transformation of intelligentization and greenization has become es-

sential for sustainable industrial development. Intelligentization refers to a transformative
process, driven by the new wave of technological revolution, that encompasses the inte-
gration of artificial intelligence, data-driven decision-making, and advanced automation
technologies. Greenization refers to the process of promoting the transition of enterprises or
industrial systems towards environmentally sustainable and low-carbon models through
the adoption of clean technologies, resource recycling, and pollution control measures.
Global industries increasingly seek to integrate AI-driven automation with eco-efficient
practices to balance technological progress and environmental sustainability [1]. China is
vigorously advancing the integration of intelligentization and greenization, leveraging it as
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a crucial support for high-quality development. The collaborative development could im-
prove efficiency, cut carbon emissions, and reshape competition in the resource-constrained
global economy [2]. However, realizing this synergy in practice remains challenging. On
the one hand, many firms prioritize either technology or sustainability due to fragmented
incentives, capability gaps, or misaligned policies [3]. This often leads to suboptimal
outcomes. Extensive practice shows that enterprises often prioritize differently when ad-
vancing transformation of intelligentization and greenization. Particularly among small-
and medium-sized enterprises (SMEs), many lack not only the motivation and capability
to deeply embrace intelligentization but also struggle to organically integrate artificial
intelligence technologies into the process of promoting green transformation. On the other
hand, the permeability and synergy of artificial intelligence technology can further foster
the internal integration of intelligent and green practices within enterprises. This leads to
external spillover effects at the industrial chain- or spatial level, consequently generating
peer effects among interconnected firms. Given these uncertainties, a key question persists:
Is this coordinated transformation an individual or a collective phenomenon?

Existing studies mainly examine intelligentization and greenization separately. Intel-
ligentization, driven by advancements in AI, automation, and data analytics, focuses on
enhancing production efficiency, improving product quality, reducing operational costs,
and optimizing labor structures [4,5]. Greenization aims to reduce emissions, adopt re-
newable energy, and implement circular economy practices [6]. However, little attention
has been given to the coordinated development of intelligentization and greenization.
A few studies note that intelligentization may indirectly promote greenization, such as
through equipment upgrades and productivity gains, but the systemic mechanisms of
co-evolution remain underexplored [7]. This gap concerns the bidirectional relationship
between intelligentization and greenization and the systemic factors shaping their coordi-
nated development.

One understudied aspect is the role of peer effects—the tendency of firms to emulate
industry peers’ strategies [8]. Recent studies test peer effects in areas such as industrial–
financial integration [9], information disclosure [10], investment and financing [11], and
capital structure [12]. Focusing on the digital transformation of enterprises, Du Yong et al.
found that in digital transformation, supply chain enterprises with common shareholders
form peer effects that enhance resilience to supply chain frictions [13]. Similarly, in gre-
enization, enterprises influenced by industry linkages or uncertain decisions often follow
peers in green innovation [14]. However, it remains unclear whether such peer dynamics
occur when enterprises integrate intelligentization and greenization. Do enterprises imi-
tate peers in balancing AI adoption with sustainability goals? How do competition and
networks shape such imitation? Addressing these questions is key to identifying pathways
for coordinated intelligentization and greenization.

To address the gap, this study investigates peer effects in the coordinated development
of intelligentization and greenization among Chinese manufacturing firms. We construct
multidimensional indices of intelligentization and greenization through the entropy weight
method and employ the coupling coordination degree model to measure the degree of syn-
ergy between the two systems. Intelligentization is measured along four dimensions—basic
support, penetration degree, innovation environment, and economic impact. Greenization
is measured across five dimensions—green innovation, emissions, energy consumption,
environmental investment, and social responsibility. These dimensions are widely recog-
nized in the literature on digitalization and sustainability [15–17], ensuring both theoretical
and empirical relevance. Through empirical analysis, this study verifies the existence of
peer effects in the integrated development of enterprise intelligentization and greenization.
This conclusion is still valid after a series of robustness tests and endogeneity treatments.



Sustainability 2025, 17, 11013 3 of 20

It further analyzes the underlying mechanisms, focusing on the empowering role of in-
telligentization in greenization, the driving force of intra-industry competition, and the
learning effect of followers from leaders. At the same time, we examine heterogeneity across
ownership types, factor intensities, geographic locations, and organizational networks.
The study provides a rigorous framework to measure the integration of intelligentization
and greenization.

In general, we contribute to multiple strands of the literature. Methodologically, this
study advances beyond single-metric approaches by developing a composite framework
to evaluate coordinated development between intelligentization and greenization. This
framework improves comparability across contexts. Theoretically, it extends peer effect
theory to the sustainability–technology nexus, illustrating how imitation functions within
complex transition processes. Practically, by constructing more comprehensive indicators,
this study verifies that intelligentization lags behind greenization. However, the level of
synergy between the two is constantly improving. This study finds that there are peer
effects in the collaborative transformation of enterprise intelligentization and greenization
and explains the formation mechanism of these peer effects from multiple dimensions. At
the same time, we study the heterogeneous characteristics of the peer effects from different
perspectives, including enterprise attributes, geographical attributes, and organizational
attributes. This analysis provides policy implications for better promoting the coordinated
transformation of intelligentization and greenization.

The remainder of this paper proceeds as follows: Section 2 presents the theoretical
analysis and research hypotheses. Section 3 details data sources, variable construction,
and econometric models. Section 4 presents baseline regression, robustness tests, and
endogenous treatment. Section 5 examines the impact mechanisms. Section 6 explores
heterogeneity across enterprise attributes, spatial dimensions, and industrial organiza-
tional structures. Section 7 concludes with policy recommendations and outlines the
study’s limitations.

2. Theoretical Analysis and Research Hypotheses
2.1. Peer Effects in the Coordinated Development of Intelligentization and Greenization:
Basic Hypotheses

The peer effect is a widespread social phenomenon that drives firms toward conver-
gent decisions. When leading firms adopt new technologies, peers often follow to secure
competitive advantages. Consequently, as digital technologies proliferate in manufactur-
ing, many enterprises undertake digital transformations to achieve cost or quality gains,
producing a pronounced cohorting trend [15]. Simultaneously, a global consensus on
green economic development and decarbonization compels enterprises to pursue green
transformations to achieve carbon reduction targets and environmental benefits [14]. This
further reinforces cohorting behavior. Government policies promoting the coordinated
development of intelligentization and greenization incentivize leading enterprises with
robust systems to complete the dual upgrade first, and other enterprises then replicate
these integrated strategies to gain similar advantages. Moreover, AI technologies are easy
to replicate due to data interconnectivity. This amplifies spillover effects in industry net-
works and reinforces cohorting behavior [16]. Consequently, pioneering enterprises that
integrate intelligentization and greenization generate demonstrative and positive spillover
effects throughout the industry [17]. Furthermore, to improve cost efficiency and brand
reputation, enterprises commonly adopt similar coordinated development practices. The
rapid diffusion of relevant knowledge then reduces exploration costs for imitators [18].
Based on the above analysis, we propose the following:
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Hypothesis 1. Peer enterprises in the same industry could facilitate the coordinated development
of intelligentization and greenization in focal enterprises, indicating significant peer effects in this
dual-integration process.

2.2. Peer Effects in the Coordinated Development of Enterprise Intelligentization and Greenization:
Formation Mechanisms

Intelligent technologies improve production efficiency, optimize resource allocation,
reduce energy consumption, and control pollution emissions [6,19]. Consequently, during
the integration of intelligentization and greenization, these technologies play an enabling
role in environmental improvement. Moreover, enterprises regard intelligentization as a
key means to embrace the new technological revolution and drive industrial upgrading.
When numerous enterprises realize the benefits of cost reduction, efficiency gains, and
cleaner production afforded by intelligent technologies, their peers often adopt similar
strategies to mitigate competitive risks, thereby forming intelligentization peer effects [20].
As intelligentization capabilities mature, standardized transformation programs emerge
across the industry. Under the combined influence of intelligentization and its enabling
role in greenization, enterprises will gain greater potential in advancing coordinated
development of the two processes. Therefore, intelligentization peer effects continuously
strengthen and promote the integration of intelligentization and greenization. Based on the
above analysis, we propose the following:

Hypothesis 2. The combined influence of intelligentization peer effects and the empowering effects
of intelligentization on greenization constitutes peer effects in their dual-integration process.

Under intra-industry competition, enterprises’ drive to outperform peers strengthens
the peer effects in the coordinated development of intelligentization and greenization. On
the one hand, in competitive markets, enterprises undertake transformation and upgrading
to maintain or increase market share; early coordinated development adopters thus prompt
rivals to imitate under similar policy conditions, accelerating cohort formation [21]. On
the other hand, industries with intense competition exhibit higher demand elasticity,
leading enterprises to prioritize product quality and social responsibility by adopting
the coordinated development of intelligentization and greenization that meets elevated
standards [22]. Moreover, greater information transparency in highly competitive sectors
accelerates the diffusion of new technologies and ideas, facilitating the replication of
coordinated development models and reinforcing peer effects [23]. Based on the above
analysis, we propose the following:

Hypothesis 3. Intra-industry competition strengthens the peer effects in enterprises’ coordinated
development of intelligentization and greenization.

Pioneering firms that integrate intelligentization and greenization face high ex-
ploratory costs and risks. However, industry leaders typically have better financing,
higher risk tolerance, and stronger innovation capacity [24]. This enables them to upgrade
equipment and advance integration more effectively. Consequently, these leaders secure
first-mover advantages and reduce the risks and costs associated with imitative learning by
small- and medium-sized enterprises [25]. In turn, small- and medium-sized enterprises
follow and learn from industry leaders’ operational practices, promoting the standardiza-
tion and systematization of integrated intelligentization–greenization across the industry.
Moreover, to facilitate coordinated transformation along the industrial chain, leading enter-
prises often set norms and standards that encourage small- and medium-sized enterprises
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to align their intelligent–green integration strategies. Based on the above analysis, we
propose the following:

Hypothesis 4. Smal-l and medium-sized enterprises’ learning from industry leaders contributes to
peer effects in the integration of intelligentization and greenization.

3. Research Design
3.1. Sample Selection and Data Sources

This study selects Chinese A-share listed companies from 2007 to 2022 to examine
enterprise peer effects on the integrated development of intelligentization and greenization.
To ensure data quality and robustness, we applied the following treatments to the initial
sample: (1) excluded samples classified as ST and *ST; (2) removed observations with miss-
ing values; (3) eliminated financial enterprises; and (4) winsorized all continuous variables
at the 1st and 99th percentiles. The final dataset comprises 24,753 valid observations.

3.2. Variable Setting and Model Establishment
3.2.1. Variable Setting

(1) Independent variables: focal enterprises’ coordinated development degree of intelli-
gentization and greenization

Intelligentization goes beyond automation to include capabilities like intelligent
decision-making from big data. Thus, measuring it solely by robot adoption is insuf-
ficient. To capture enterprise intelligentization comprehensively, we construct indicators
across four dimensions of basic support, penetration degree, innovation environment,
and economic impact. We apply the entropy weight method to derive a composite score.
The entropy weight method offers two key advantages. First, it reduces subjectivity by
assigning indicator weights based on information entropy, thereby reflecting the relative
importance of each variable more objectively. Second, it accommodates multiple dimen-
sions of enterprise transformation, improving comparability across firms. The detailed
indicator framework is presented in Table 1. Hardware and software investment data, as
part of the basic support dimension, are obtained from the fixed assets and intangible assets
classifications in listed enterprises’ financial statement notes. Investments in intangible and
fixed assets related to intelligentization are manually extracted and categorized. For AI
word frequency statistics, following Li and Wang [26], we use a Python 3.10 script to crawl
intelligence-related keywords from listed enterprises’ reports; their occurrence frequencies
serve as proxies for enterprises’ emphasis on intelligentization. For data element utilization,
following Shi et al. [27], we count the disclosures of AI, blockchain, cloud computing,
and big data indicators in enterprises’ annual reports, then take logarithms to derive a
composite usage measure. Industrial robot penetration is measured according to Wang and
Dong’s methodology [28]. We first compute the industrial robot penetration index for each
industry. Then, we weight each industry’s robot penetration index by the ratio of its share
of industry employment to the median industry employment share, thereby translating the
industry-level measure to the enterprise-level.

Table 1. Indicator measurement system of enterprise intelligentization and greenization.

System Level Standardized Layer Specific Indicators Measurement Weight Value

Intelligentization Basic support
Software investment Ratio of intelligent software investment to

total investment 0.092

Hardware investment Ratio of intelligent hardware investment to
total investment 0.129
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Table 1. Cont.

System Level Standardized Layer Specific Indicators Measurement Weight Value

Intelligentization

Degree of
penetration

AI word frequency Frequency of AI-related keywords in annual reports 0.133

Utilization of data elements Number of disclosures of five indicators in
annual reports 0.102

Robotics applications Industrial robot penetration 0.015

Innovation
environment

Innovative inputs Total R&D expenditures 0.117

R&D staff Number of R&D staff 0.112

Digital technology
innovation Number of digital economy patent filings 0.198

Economic impact Operational efficiency Inventory turnover
(=cost of goods sold/average inventory) 0.102

Greenization

Green Innovation
Green invention patent Total number of green invention patent applications 0.342

Green new patent Total green utility model patent applications 0.396

Emissions

Carbon emissions Calculated carbon emissions from enterprises’ reports 0.020

Air pollution Log of combined air pollution equivalent 0.026

Water contamination Logarithm of combined water
body pollution equivalent 0.001

Energy
consumption

Water consumption,
electricity consumption, etc. Converted to standard coal equivalents 0.025

Environmental
investment Environmental investment Total environmental protection expenditures 0.181

Social responsibility ESG rating Assign ESG ratings from 1 to 9 in descending order 0.009

To measure greenization, we follow Dai and Yang [29], constructing indicators across
green innovation, pollution emissions, energy consumption, environmental investment,
and social responsibility dimensions, and applying the entropy weight method to aggregate
them. Green patent data are sourced from the Chinese State Intellectual Property Office.
For carbon emissions, we follow Wang et al. [30], manually collecting relevant data from
enterprises’ annual social responsibility, sustainable development, and environmental
reports. We calculate carbon emissions according to the methodology published by the
National Development and Reform Commission in China. For air and water pollution,
we follow Mao et al. [31], who standardized pollutant emissions reported in enterprises’
annual and social responsibility reports. We converted these emissions into a uniform
pollution equivalent number, summed the results, and then added 1 before taking the
natural logarithm. For energy consumption, we extract energy usage data and convert it
into standard coal equivalents using conversion coefficients from the China Energy Statistics
Yearbook. For corporate environmental investment, following Zhang et al. [32], we sum
expenditures directly related to environmental protection as reported in listed enterprises’
annual reports. For corporate ESG ratings, following Xie and Lyu [33], we assign values
from 1 to 9, with larger values indicating better ESG performance. It should be noted that
while systematic ESG ratings and detailed carbon emission disclosures for Chinese A-share
firms became widely available only from 2009 onward, other key greenization indicators
have been consistently reported since 2007. To maintain sample continuity from 2007 to
2022, we estimate missing ESG and carbon emission values for 2007–2008 using a backward
linear extrapolation based on each firm’s 2009–2011 observations and industry-level trends.
The detailed indicator framework is presented in Table 1.

It is worth noting that the entropy weight method assigns higher weights to indicators
with greater variation across firms, as these dimensions carry more information and thus
stronger discriminatory power in measuring coordinated development. In the context
of China’s manufacturing sector, this means that indicators with high-weights—such
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as green utility model patents—capture areas where firms exhibit substantial strategic
divergence, while low-weight indicators (e.g., water pollution emissions) reflect widespread
convergence, often driven by regulatory compliance.

Following Dong and Li [34], we apply the coupling coordination degree model to
calculate the coordinated development degree of enterprise intelligentization and greeniza-
tion based on their measured levels. This method is widely used in systems science to
evaluate interactions between two or more subsystems. This model not only captures the
degree of coupling but also reflects the level of coordination, thereby providing a nuanced
measure of synergy. The model is constructed as follows:

C =

√
Int × Green

(Int + Green)/2
(1)

T = αInt + βGreen (2)

D =
√

C × T (3)
where D denotes the coupling coordination degree of intelligentization and greenization.
Int and Green denote the level of intelligentization and greenization, respectively. Following
Dong and Li [34], the weights α and β are both set to 0.5. C is the coupling degree, and T
denotes the comprehensive coordination index. Following Zhao and Meng [35], we classify
the coupling coordination degree as shown in Table 2.

Table 2. Classification of coupling coordination degree.

Range of Coupling Coordination Degree Coupling Coordination Level

0 ≤ D ≤ 0.3 Low coupling coordination
0.3 < D ≤ 0.5 Medium coupling coordination
0.5 < D ≤ 0.8 High coupling coordination
0.8 < D ≤ 1 Extreme coupling coordination

Figure 1 shows that enterprises’ greenization scores exceed their intelligentization
scores, indicating that greenization has progressed further than intelligentization. However,
the relative gap between the two has been shrinking, suggesting that intelligentization is
gradually catching up to greenization and that their integration level is steadily improving.
Nevertheless, according to the classification standards, Chinese enterprises remain at the
low coupling coordination stage of intelligentization and greenization. This indicates that
there is still considerable room for improvement.

(2) Dependent variable: integration degree of intelligentization and greenization in
peer enterprises

Referring to Leary and Roberts [8], other enterprises in the same industry as the focal
enterprise are defined as peer enterprises. Industry affiliation is determined using the
industry classification standard issued by the China Securities Regulatory Commission
in 2012 [36]. Following Wang et al. [37], non-manufacturing enterprises are grouped by
primary industry codes, whereas manufacturing enterprises are grouped by secondary
industry codes to define peers within each sector. This approach balances precision and
breadth: it prevents overly broad classification that would group enterprises with diverse
business scopes together while ensuring a sufficient sample size within each industry
cohort. Finally, the average integration degree of intelligentization and greenization among
peer enterprises excluding the focal enterprise is used to measure peer_D.
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Figure 1. Trends in intelligentization, greenization, and their coupling coordination degree.

(3) Control variables

Referring to Du et al. [13], the following control variables are introduced: firm age
(Age), firm size (Size), leverage ratio (Lev), Tobin’s Q (Tobin), return on equity (Roe), book-to-
market ratio (MBratio), cash holdings ratio (Cash), largest shareholder ownership concentra-
tion (Top1), and operating income growth rate (Growth). Descriptive statistics for all key
variables are presented in Table 3.

Table 3. Descriptive statistics for key variables.

Variant Obs Mean Std. Dev. Min Max

D 24,753 0.110 0.024 0.059 0.205
Peer_D 24,753 0.110 0.007 0.059 0.172

Age 24,753 10.472 7.188 1.000 27.000
Size 24,753 22.338 1.316 20.081 26.408
Lev 24,753 0.433 0.199 0.061 0.887

Tobin 24,753 1.978 1.201 0.840 7.780
Roe 24,753 0.060 0.127 −0.667 0.327

MBratio 24,753 0.632 0.249 0.129 1.190
Cash 24,753 0.183 0.124 0.017 0.598
Top1 24,753 34.825 14.747 8.850 74.660

Growth 24,753 0.167 0.365 −0.475 2.250

3.2.2. Model Establishment

To examine the presence of peer effects in the coordinated development of intelligen-
tization and greenization, we construct the following econometric model based on Chen
et al. and Qian et al. [38,39]:

Dit = α + β peer_Dit + γControls + φc + δt + λr + εit (4)

where Dit is the coordinated development level of intelligentization and greenization for
enterprise i in year t; peer_Dit denotes the coordinated development level of intelligentiza-
tion and greenization of peer enterprises i in the same industry in year t. Controls are the
control variables; φc, δt, and λr represent the region, year, and industry fixed effects; and εit

is the random error term.
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4. Empirical Analysis
4.1. Baseline Regression

Table 4 presents the baseline regression results examining peer effects in the firms’
coordinated development level of intelligentization and greenization. In Column (1), which
includes no additional covariates, the coefficient on peer_D is positive and significant at
the 1% level, providing evidence of substantial peer effects. Column (2) incorporates
control variables, and Column (3) further incorporates firm and year fixed effects. In both
specifications, peer_D remains positively significant. Specifically, a one-unit increase in peer
enterprises’ integration score corresponds to a 0.409-unit increase in the focal enterprise’s
integration score, thereby supporting Hypothesis 1.

Table 4. Benchmark regression results.

Variables
(1) (2) (3)

D D D

peer_D 0.902 *** 0.865 *** 0.409 ***
(0.021) (0.019) (0.048)

Age −0.001 *** −0.001
(0.001) (0.001)

Size 0.010 *** 0.008 ***
(0.000) (0.000)

Lev −0.003 *** −0.003 **
(0.001) (0.001)

Tobin −0.001 0.001
(0.001) (0.001)

Roe −0.003 *** −0.002 **
(0.001) (0.001)

MBratio −0.011 *** −0.002 **
(0.001) (0.001)

Cash 0.015 *** −0.000
(0.001) (0.001)

Top1 −0.001 *** −0.001
(0.001) (0.001)

Growth −0.001 *** −0.001 *
(0.000) (0.000)

_cons 0.011 *** −0.191 *** −0.092 ***
(0.002) (0.003) (0.012)

Year NO NO YES
Industry NO NO YES

Area NO NO YES
N 24,753 24,753 23,806
R2 0.070 0.257 0.093

Standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.

4.2. Robustness Tests
4.2.1. Placebo Test

To determine if unobserved factors drive our results, we performed a placebo test
based on random sampling. If omitted variables were driving the peer effects, they would
remain when peer enterprises are randomly assigned to focal enterprises. Accordingly, we
randomly reassigned peer enterprises within each year and reran the regression 500 times.
Figure 2 presents the distribution of placebo coefficients, which approximates a normal
distribution centered at zero, with all absolute values smaller than the observed coefficient.
This result indicates that randomly selected peers exert no statistically significant influence
on focal enterprises’ dual-integration levels, confirming the robustness of our findings.
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Figure 2. Placebo test.

4.2.2. Inclusion of Peer Characterization Variables

We include peer characterization variables to account for common attributes of peer
enterprises that may affect focal enterprises’ decision-making. Specifically, we include the
following peer characterization variables: peer enterprises’ age (peer_Age), size (peer_Size),
leverage ratio (peer_Lev), Tobin’s Q (peer_Tobin), return on equity (peer_Roe), book-to-market
ratio (peer_MBratio), cash holdings ratio (peer_Cash), largest shareholder ownership con-
centration (peer_Top1), and operating income growth rate (peer_Growth). The results in
Table 5 confirm that the peer effects remain robust after controlling for these characteristics.
The attenuation of the peer_D coefficient in Table 5, compared to Table 4, is expected,
as controlling for peer characteristics isolates the direct peer influence from confounders
related to shared firm attributes, yielding a more refined estimate.

Table 5. Robustness test: inclusion of peer characterization variables.

Variables
(1) (2) (3) (4)

D D D D

peer_D 0.841 *** 0.850 *** 0.202 *** 0.197 ***
(0.028) (0.025) (0.055) (0.054)

peer_Age −0.000 ** −0.000 −0.001 ** −0.001 **
(0.000) (0.000) (0.000) (0.000)

peer_Size 0.000 −0.009 *** −0.002 −0.001
(0.001) (0.001) (0.002) (0.002)

peer_Lev 0.004 0.006 ** 0.004 0.005
(0.003) (0.003) (0.008) (0.008)

peer_Tobin 0.001 0.001 0.002 0.002 *
(0.001) (0.001) (0.001) (0.001)

peer_Roe −0.014 * −0.003 −0.013 −0.015 *
(0.008) (0.007) (0.008) (0.008)

peer_MBratio 0.003 0.011 ** 0.011 0.013 *
(0.006) (0.005) (0.007) (0.007)

peer_Cash −0.011 ** −0.023 *** −0.060 *** −0.053 ***
(0.005) (0.005) (0.010) (0.010)

peer_Top1 −0.000 −0.000 −0.001 *** −0.001 ***
(0.000) (0.000) (0.000) (0.000)

peer_Growth 0.003 0.003 0.003 0.003
(0.002) (0.002) (0.002) (0.002)
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Table 5. Cont.

Variables
(1) (2) (3) (4)

D D D D

_cons 0.016 −0.013 0.159 *** −0.024
(0.012) (0.010) (0.033) (0.034)

Controls NO YES NO YES
Year NO NO YES YES

Industry NO NO YES YES
Area NO NO YES YES

N 24,753 24,753 23,806 23,806
R2 0.071 0.285 0.067 0.097

Standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.

4.2.3. Substitution of Core Variables

To further test the robustness of our findings, we employ alternative measures for
intelligentization and greenization. Following Li and Wang [26], we proxy intelligentiza-
tion by the frequency of AI-related keywords in enterprises’ annual reports. Following
Dai and Yang [29], we measure greenization using the inverses of energy consumption in-
tensity and pollution emission intensity from the perspective of input and output. Columns
(1)–(2) of Table 6 report regressions using the inverse of energy consumption intensity,
while Columns (3)–(4) use the inverse of pollution emission intensity. In all specifications,
the peer_D coefficient remains positive and significant at the 1% level, further confirming
our results’ robustness.

Table 6. Robustness tests: substitution of core variables.

Variables
(1) (2) (3) (4)

D1 D1 D2 D2

peer_D1 0.724 *** 0.669 ***
(0.022) (0.022)

peer_D2 0.724 *** 0.669 ***
(0.022) (0.022)

_cons 0.063 *** −0.417 *** 0.063 *** −0.417 ***
(0.018) (0.028) (0.018) (0.028)

Controls NO YES NO YES
Year YES YES YES YES

Industry YES YES YES YES
Area YES YES YES YES

N 36,967 36,967 36,967 36,967
R2 0.305 0.318 0.305 0.318

Standard errors in parentheses. *** p < 0.01.

4.2.4. Exclude Sample Selection Interference

To mitigate potential biases from the COVID-19 pandemic, we follow Liu et al. [18]
and exclude observations from 2019 onward. Columns (1)–(2) of Table 7 report these results,
showing that the coefficient on coordinated development index of intelligentization and
greenization remains significantly positive. We then additionally exclude enterprises in in-
formation technology-related industries, where baseline technological levels may be higher,
and report the results in Columns (3)–(4). The peer effects persist in these specifications,
confirming the robustness of our results.
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Table 7. Robustness tests: excluding sample selection interference.

Variables
(1) (2) (3) (4)

D D D D

peer_D 0.660 *** 0.261 *** 0.668 *** 0.287 ***
(0.029) (0.063) (0.029) (0.063)

_cons −0.150 *** −0.009 −0.150 *** −0.010
(0.005) (0.047) (0.005) (0.047)

Controls YES YES YES YES
Year NO YES YES YES

Industry NO YES YES YES
Area NO YES YES YES

N 14,889 14,806 14,858 14,775
R2 0.203 0.068 0.204 0.067

Standard errors in parentheses. *** p < 0.01.

4.2.5. Dynamic Effects Test

As enterprises’ intelligentization and greenization evolve, the integrated development
of intelligentization and greenization may also change dynamically, thus causing corre-
sponding changes in peer enterprises. To examine whether changes in peer enterprises’
coordinated development level of intelligentization and greenization lead to corresponding
changes in focal enterprises, we introduce delta_peer_D, the year-on-year change in peer
enterprises’ integration, as an additional robustness check. The regression results in Table 8
show that the increase in peer enterprises’ coordinated development of intelligentization
and greenization significantly and positively affects the corresponding increase in focal
enterprises, further confirming the robustness of our findings.

Table 8. Robustness test: dynamic effects test.

Variables
(1) (2) (3) (4)

delta_D delta_D delta_D delta_D

delta_peer_D 0.605 *** 0.526 *** 0.587 *** 0.402 ***
(0.035) (0.043) (0.035) (0.048)

_cons −0.000 0.001 −0.008 *** −0.019
(0.000) (0.017) (0.003) (0.020)

Controls NO NO YES YES
Area NO YES NO YES

Industry NO YES NO YES
N 21,985 21,075 21,985 21,075
R2 0.013 0.011 0.017 0.016

Standard errors in parentheses. *** p < 0.01.

4.3. Endogenous Treatment

To mitigate potential endogeneity, specifically, that focal and peer enterprises’ similar
behaviors may stem from a shared institutional or policy environment rather than true peer
influence, we employ an instrumental variable (IV) approach. Following Gyimah et al. [40],
we use peer enterprises’ idiosyncratic stock returns (mean_returns) as an instrument for
peer_D, since these returns are plausibly exogenous to the focal enterprise’s own dual-
integration yet correlated with peer integration.

In the first stage, mean_returns exhibits a positive and highly significant coefficient
at the 1% level, confirming its validity as an instrument. The Cragg–Donald Wald F
statistic of 350.20 substantially exceeds the Stock–Yogo weak instrument threshold of 16.38,
indicating no weak instrument concern. In the second stage, the IV-corrected coefficient
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on peer_D remains positive and significant at the 5% level, demonstrating that controlling
for endogeneity does not alter our baseline finding of peer effects in intelligentization–
greenization integration (Table 9).

Table 9. Endogenous treatments.

Variables
(1) (2)

peer_D D

mean_returns 0.007 ***
(0.000)

peer_D 0.917 **
(0.436)

_cons 0.109 *** −0.191 ***
(0.002) (0.049)

Cragg–Donald Wald F 350.202
[16.380]

Controls YES YES
Year YES YES

Industry YES YES
Area YES YES

N 14,755 14,755
R2 0.650 0.087

Standard errors in parentheses. ** p < 0.05, *** p < 0.01.

5. Analysis of Impact Mechanisms
5.1. The Perspective of Intelligentization Empowering Greenization

Theoretical analysis suggests that enterprise intelligentization not only facilitates gre-
enization but also diffuses more readily across upstream–downstream industrial chains
and among enterprises with similar characteristics. This dual nature implies a credible
mechanism for peer effects in coordinated development of intelligentization and greeniza-
tion, whereby the combined influence of intelligentization peer effects and the empowering
effects of intelligentization on greenization drives the process. Accordingly, we construct
the following model following Chen et al. [22]:

Intit = α0 + α1 peer_Intit + αkControls + φc + δt + λr + εit (5)

Greenit = β0 + β1 Intit + βkControls + φc + δt + λr + εit (6)

where Intit is the intelligentization level of the focal enterprise, peer_Intit is the average
intelligentization level of peer enterprises, and Greenit is the greenization level of the
focal enterprise.

Columns (1) and (2) of Table 10 present the regression results testing the intelligen-
tization peer effects: the coefficient on peer_Int is positive and significant at the 1% level,
providing robust evidence of this effect. Columns (3) and (4) report the impact of enterprise
intelligentization on greenization. Considering that greenization may have counter-effects
on intelligentization, Columns (5) and (6) include a one-period lag of the greenization vari-
able. Both Green and Greent+1 coefficients remain positive and significant at the 1% level,
indicating that higher levels of intelligentization significantly promote greenization. These
results demonstrate that the intelligentization peer effects enhance focal enterprises’ intelli-
gentization, which in turn facilitates their greenization, thereby validating Hypothesis 2.



Sustainability 2025, 17, 11013 14 of 20

Table 10. Mechanism analysis based on the combined influence of intelligentization peer effects and
the empowering effects of intelligentization on greenization.

Variables
(1) (2) (3) (4) (5) (6)

Int Int Green Green Greent + 1 Greent + 1

peer_Int 0.869 *** 0.834 ***
(0.045) (0.045)

Int 0.680 *** 0.683 *** 0.617 *** 0.623 ***
(0.010) (0.010) (0.011) (0.011)

_cons 0.002 −0.040 *** 0.052 *** 0.049 *** 0.049 *** 0.058 ***
(0.003) (0.004) (0.005) (0.006) (0.007) (0.009)

Controls NO YES NO YES NO YES
Year YES YES YES YES YES YES

Industry YES YES YES YES YES YES
Area YES YES YES YES YES YES

N 23,806 23,806 23,826 23,826 20,462 20,462
R2 0.176 0.189 0.558 0.560 0.515 0.518

Standard errors in parentheses. *** p < 0.01.

5.2. The Perspective of Intra-Industry Competition Effect

According to the theoretical analysis, industries with higher internal competitive
pressure may exhibit stronger peer effects. We measure industry competitive pressure using
the Herfindahl–Hirschman Index (HHI): a higher HHI implies lower competitive pressure
and greater market concentration, whereas a lower HHI indicates stronger competition. To
test the impact of industry competitive pressure, we include an interaction term between
HHI and peer_D in the econometric model. The regression results are presented in Table 11.
The coefficient on the HHI × peer_D interaction term is significantly negative, suggesting
that in more competitive industries, peer enterprises’ dual-integration exerts a stronger
influence on the focal enterprise. This finding supports Hypothesis 3.

Table 11. Mechanism analysis based on the driving effect of intra-industry competition.

Variables
(1) (2)

D D

peer_D 0.630 *** 0.568 ***
(0.068) (0.067)

HHI 0.095 *** 0.078 ***
(0.025) (0.024)

HHI × peer_D −0.888 *** −0.744 ***
(0.223) (0.219)

_cons 0.057 *** −0.115 ***
(0.012) (0.014)

Controls NO YES
Year YES YES

Industry YES YES
Area YES YES

N 22,014 22,014
R2 0.048 0.080

Standard errors in parentheses. *** p < 0.01.

5.3. The Perspective of Lead–Follow Learning Effect

The high exploration threshold of intelligentization–greenization integration fosters
a leader–follower learning dynamic between large enterprises and SMEs. Following
Lu et al. [25], we classify enterprises into leaders (top 30%) and followers (bottom 30%)
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based on the following: (1) market share (enterprise operating revenue as a proportion
of industry revenue); (2) enterprise size (natural log of total assets); and (3) annual R&D
expenditures. For each focal enterprise, cohort averages exclude its own observation. Ta-
ble 12 reports that followers’ integration levels respond significantly to leaders’ integration,
while the reverse effect is negligible. This asymmetry reflects followers’ tendency to emu-
late leaders’ dual-integration strategies to secure late-mover advantages, whereas leaders’
superior innovation capacity and market power insulate them from follower influence.
These findings support Hypothesis 4.

Table 12. Mechanism analysis based on the learning effect of followers on leaders.

Variables

Industry Followers React to Leaders Industry Leaders React to Followers

Market Share Enterprise Size Technical Advantages Market Share Enterprise Size Technical Advantages

(1) (2) (3) (4) (5) (6)

peer_D 0.562 *** 0.717 *** 0.218 *** −0.023 0.077 0.247 *
(0.081) (0.090) (0.065) (0.191) (0.110) (0.139)

_cons −0.125 *** −0.264 *** −0.034 * 0.726 *** 0.011 −0.044
(0.026) (0.024) (0.019) (0.198) (0.027) (0.036)

Controls YES YES YES YES YES YES
Year YES YES YES YES YES YES

Industry YES YES YES YES YES YES
Area YES YES YES YES YES YES

N 7256 7113 13,114 258 7186 6789
R2 0.196 0.221 0.068 0.369 0.057 0.078

Standard errors in parentheses. * p < 0.1, *** p < 0.01.

6. Further Discussion
6.1. Tests Based on Different Enterprise Attributes
6.1.1. Classified by Ownership Type

To examine whether ownership structure affects the peer effects in the coordinated
development of intelligentization and greenization, we split the sample into state-owned
enterprises (SOEs) and non-SOEs. Columns (1) and (2) of Table 13 present the results for
SOEs and non-SOEs, respectively. The peer effects are significantly stronger among SOEs
than among non-SOEs. This disparity likely reflects SOEs’ superior policy support and
wider access to resources, which afford ample financial backing and favorable regulations
for intelligentization and greenization. Additionally, SOEs’ societal mandate may drive
them to lead dual-integration efforts more proactively.

Table 13. Tests based on different enterprise attributes.

Variables

Ownership Type Factor Intensity Type

SOEs Non-SOEs Labor-Intensive Capital-Intensive Technology-Intensive

(1) (2) (3) (4) (5)

peer_D 0.401 *** 0.260 *** 0.101 0.227 ** 0.704 ***
(0.070) (0.057) (0.075) (0.110) (0.103)

_cons −0.085 *** −0.094 *** −0.012 −0.103 *** −0.185 ***
(0.018) (0.013) (0.022) (0.025) (0.017)

Controls YES YES YES YES YES
Year YES YES YES YES YES

Industry YES YES YES YES YES
Area YES YES YES YES YES

Between-group
coefficient 5.86 (p = 0.015) 19.64 (p = 0.000)
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Table 13. Cont.

Variables

Ownership Type Factor Intensity Type

SOEs Non-SOEs Labor-Intensive Capital-Intensive Technology-Intensive

(1) (2) (3) (4) (5)

N 9350 14,456 6931 5477 11,296
R2 0.092 0.109 0.052 0.068 0.133

Standard errors in parentheses. ** p < 0.05, *** p < 0.01.

6.1.2. Classified by Factor Intensity Type

Considering the differing requirements of enterprises across factor intensity categories,
we classify industries as labor-intensive, capital-intensive, or technology-intensive based
on the China Securities Regulatory Commission’s 2012 standards [36]. Columns (3)–(5) of
Table 13 reveal that only technology-intensive enterprises exhibit significant peer effects,
while capital-intensive and labor-intensive enterprises show weak or insignificant effects.
This difference likely arises because technology-intensive enterprises have both the capacity
and incentive to pursue systematic intelligentization–greenization integration, and they
often lead technological and industrial innovations. In contrast, labor- and capital-intensive
enterprises, which are predominantly in traditional sectors, face higher costs and structural
barriers to dual transformation. These enterprises often face the dilemma of being unable,
unwilling, or reluctant to transform, thereby lagging in their coordinated development of
intelligentization and greenization.

6.2. Tests Based on Different Spatial Dimensions

Redefining peer enterprises by geographic proximity, we first classify them based on
whether they operate in the same province. Column (1) of Table 14 shows that enterprises
headquartered in the same province exhibit significant peer effects in intelligentization–
greenization integration. This finding likely reflects shared provincial policy support,
common infrastructure, and access to the same talent pool, all of which create a consistent
implementation environment from policy design to execution. Moreover, intra-provincial
market integration and economic linkages tend to be stronger, further facilitating enterprise-
to-enterprise learning and imitation [41].

Table 14. Peer effects test based on different spatial dimensions.

Variables
Province Peer Effects

City Peer Effects

Large-Scale Cities Small- and Medium-Sized Cities

(1) (2) (3)

peer_D 0.108 *** 0.046 ** 0.016
(0.040) (0.022) (0.029)

_cons −0.062 *** −0.065 *** −0.044
(0.012) (0.013) (0.028)

Controls YES YES YES
Year YES YES YES

Industry YES YES YES
Area YES YES YES

N 23,816 19,071 2635
R2 0.090 0.091 0.101

Standard errors in parentheses. ** p < 0.05, *** p < 0.01.

Next, to capture urban-scale heterogeneity, we classify cities as large-scale or small-
and medium-scale according to national criteria. Columns (2) and (3) of Table 14 reveal that
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the peer effects are significant in large-scale cities but insignificant in small- and medium-
scale cities. Large cities typically support mature industrial clusters, dense upstream–
downstream linkages, and advanced infrastructure, all of which accelerate knowledge
spillovers and the diffusion of transformation practices. In contrast, smaller cities often lack
clustered industry bases and sufficient external resources to sustain dual-integration [42].

6.3. Tests Based on Different Industrial Organizational Structures

Industrial organizational structures may influence peer effects. We examine the impact
of industrial organizational structures on the peer effects using interlocking director net-
works as a proxy variable. We extract director positions from the director and supervisor
database and use each director’s unique ID to construct a director–enterprise incidence
matrix. Directors appearing on two or more boards create enterprise–enterprise links,
producing a yearly adjacency matrix of interlocks. Peer enterprises are then defined as
those connected to the focal enterprise via at least one shared director. Table 15 reports that
the coefficient on the cohort integration variable remains positive and significant under
this specification, indicating that interlocking director ties amplify the peer effects in the
coordinated development of intelligentization and greenization. This amplification likely
arises because interlocking directors transfer transformation experience across enterprises
and facilitate efficient resource sharing, information exchange, and imitation within the
network [43].

Table 15. Peer effects test based on interlocking director networks.

Variables
(1) (2) (3) (4)

D D D D

peer_D 0.178 *** 0.014 *** 0.101 *** 0.011 ***
(0.005) (0.004) (0.004) (0.004)

_cons 0.092 *** 0.115 *** −0.133 *** −0.070 ***
(0.001) (0.008) (0.002) (0.009)

Controls NO NO YES YES
Year NO YES NO YES

Industry NO YES NO YES
Area NO YES NO YES

N 46,895 45,212 46,895 45,212
R2 0.026 0.063 0.256 0.095

Standard errors in parentheses. *** p < 0.01.

7. Conclusions, Policy Recommendations, and Limitations
7.1. Conclusions

The coordinated development of intelligentization and greenization is emerging
as a critical strategic direction for enterprises pursuing sustainable development amid
global environmental and technological challenges. While Chinese manufacturing firms
have made initial progress—evidenced by a steadily improving coupling between the
two dimensions—their overall coordination remains at an early stage, with intelligentiza-
tion generally lagging behind greenization.

Our analysis provides robust evidence of significant peer effects. Firms are more
likely to advance their own synergy when their peers do so, a pattern confirmed by
multiple robustness checks. As detailed in Section 5, these peer effects operate through
interconnected channels, including the enabling role of intelligentization in facilitating
green practices, competitive pressures within industry groups, and knowledge spillovers
from leading to follower firms. Moreover, such effects are stronger among firms lo-
cated in the same province or major city or connected through interlocking director
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networks—highlighting the importance of geographic and governance proximity in shap-
ing collective sustainability behavior.

7.2. Policy Recommendations

Based on these findings, we propose the following policy implications:
Firstly, promote AI integration in manufacturing to systematically improve the co-

ordinated development of intelligentization and greenization. Our findings indicate that
intelligentization lags behind greenization, and there is still considerable room for improve-
ment in the integration of these two transformations. To bridge this gap, enterprises should
accelerate AI adoption in green production, integrate it into environmental governance
across R&D and implementation, and increase investment in AI tools for pollution control,
energy management, and resource optimization.

Secondly, foster industrial clusters that combine AI with environmental sustainability.
AI applications in manufacturing could be replicated across enterprises, thus fostering
extensive peer effects. They can also generate scale-based spillovers in large cities, which
further accelerate the deep integration of intelligentization and greenization. Accordingly,
promoting intelligent–green integration should leverage AI to expand diverse application
scenarios and develop an industrial Internet ecosystem.

Thirdly, enhancing market mechanisms and industrial organizational structures is
crucial to scaling the coordinated development of intelligentization and greenization. Em-
pirical evidence indicates that highly competitive industries exhibit stronger tendencies
toward intelligentization–greenization integration. Consequently, policymakers should
optimize market frameworks to reinforce efficient resource allocation and bolster enter-
prises’ internal capacities for coordinated transformation. Moreover, industry leaders exert
substantial influence on their peers, particularly when organizational ties are strong. By
encouraging leading enterprises to pilot transformation models and by establishing robust
digital platforms connecting upstream and downstream enterprises, stakeholders can foster
collaborative innovation and replicate best practices across the value chain.

7.3. Limitations

Despite its comprehensive analysis of peer effects on enterprise intelligentization and
greenization integration, this study has some limitations. First, due to the availability
of publicly accessible data, our sample is limited to Chinese A-share enterprises from
2007 to 2022, which may constrain the generalizability of findings to other markets or
more recent technological developments. Second, although the instrumental variable
strategy and extensive robustness checks mitigate endogeneity concerns, residual bias
may persist from unobserved factors such as enterprise-specific managerial practices or
informal networks. Third, our definition of peer enterprises based on industry, geography,
and director networks may overlook alternative spillover channels, such as supply chain
partnerships or digital platform affiliations. Future research could explore these dimensions
using richer datasets and extend the analysis to emerging economies and digital ecosystems.
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