< sustainability MoPY

Article

Research on the Impact of Supply Chain Green Strategic
Alliances on Corporate Green Innovation

Ruoming Xu !, Wan Xiong >*, Qi Dong %> and Longlong Xia 2

W) Check for updates

Academic Editors: Michael Wang,
Samsul Islam, Ahmad Abareshi,
Ki-Soon Hwang and Bill Wang

Received: 26 January 2026

Revised: 6 March 2026

Accepted: 11 March 2026

Published: 14 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of International Economics and Business, Nanjing University of Finance and Economics,
Nanjing 210023, China; 1920230015@stu.nufe.edu.cn

College of Business, Shanghai University of Finance and Economics, Shanghai 200433, China;
dongdongqi@stu.sufe.edu.cn (Q.D.); 2023310032@stu.sufe.edu.cn (L.X.)

*  Correspondence: xiongwan@163.sufe.edu.cn; Tel.: +86-19946290079

Abstract

Green technological innovation is a core driving force for firms’ low-carbon transformation.
However, because critical green technologies and knowledge are often dispersed across
upstream and downstream partners within supply chains, firms” green transformation
faces substantial challenges. Previous studies have primarily focused on internal drivers at
the firm level while overlooking the empowering role of green collaborative cooperation
among supply chain partners. To address this gap, this study introduces empowerment
theory to systematically examine how supply chain green strategic alliances enhance firms’
green innovation capability. Using a sample of Chinese A-share listed firms from 2011 to
2023, we construct a firm-level indicator of supply chain green strategic alliances based on
textual analysis and machine learning techniques and empirically test its impact on green
innovation. The results show that participation in green strategic alliances significantly pro-
motes firms’ green innovation. Mechanism analyses further reveal that this effect operates
through the reconstruction of green knowledge, increased environmental investment, and
improved green governance. Moreover, the positive effect is more pronounced in regions
with stronger intellectual property protection, greater green credit support, and stricter en-
vironmental regulation, as well as among firms with closer supply chain relationships. This
study identifies supply chain green strategic alliances as a key inter-organizational empow-
erment mechanism and provides important practical implications for leveraging supply
chain collaboration to accelerate sustainable development and firms’ green transformation.

Keywords: supply chain green strategic alliance; firm green innovation; green knowledge;
environmental investment; green governance

1. Introduction

In recent years, green innovation has become an important strategy for promoting
economic growth while achieving environmental sustainability [1]. Firms increasingly
recognize that green innovation can enhance competitive advantage and improve economic
performance [2]. However, green innovation is typically characterized by long research
and development cycles, high technological uncertainty, and significant externalities of
returns [3], which impose substantial resource constraints and risk pressures on individual
firms. Importantly, the challenges associated with green innovation arise not only from
insufficient financial investment or limited managerial commitment, but also from the
highly dispersed distribution of green knowledge and technological capabilities [4]. A
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firm’s green technological trajectory depends not only on its internal research capacity but
also on upstream material choices, compatibility with production standards, and down-
stream customers’ environmental preferences [5]. In other words, critical green resources
are often embedded within supply chain partners, making it difficult for firms to achieve
technological breakthroughs through internal efforts alone [6]. Consequently, integrating
dispersed green resources through cross-organizational collaboration has become a central
issue in advancing firm green innovation.

Against this backdrop, supply chain green strategic alliances have emerged as an
important form of inter-organizational collaboration that enables firms to move beyond
endogenous growth paths and gain access to complementary green resources. Supply
chain green strategic alliances refer to long-term cooperative relationships established be-
tween firms and their key suppliers or customers around shared environmental objectives.
Through coordinated activities such as technological research and development, green
procurement, cleaner production, and environmental management, these alliances aim
to jointly improve environmental and economic performance [7]. Although prior studies
have recognized the potential benefits of supply chain green strategic alliances, limited
attention has been devoted to their impact on firm green innovation and the mechanisms
through which such effects operate. Existing literature has examined the drivers of green
innovation from both internal and external perspectives [8-13]. However, two limitations
remain. First, most studies emphasize the passive influence of external macro institutions,
such as environmental regulation and policy pressure, while overlooking firms’ strategic
choices as proactive actors. Second, research focusing on organizational characteristics is
often confined to the internal level of individual firms and fails to capture the synergistic ef-
fects generated by inter-organizational collaboration. As an important boundary-spanning
organizational arrangement, strategic alliances blur traditional firm boundaries and be-
come a key channel through which firms acquire external resources and capabilities [14].
Nevertheless, within the context of green innovation, how supply chain alliances empower
firm innovation activities remains insufficiently understood.

To address this gap, this study draws on empowerment theory to explain how sup-
ply chain green strategic alliances enhance firm green innovation. Empowerment theory
suggests that when actors face capability gaps arising from resource scarcity, structural con-
straints, or insufficient motivation, external actors can strengthen their capacity and auton-
omy by providing resources, improving organizational structures, and facilitating knowl-
edge transfer [15,16]. From this perspective, supply chain green strategic alliances can be
viewed as a multidimensional external empowerment mechanism operating throughout the
process of firm green innovation. Specifically, these alliances facilitate cross-organizational
flows of green knowledge, enabling firms to access technical expertise and innovative expe-
rience dispersed among upstream and downstream partners. They also encourage member
firms to increase environmental investment, providing financial support and resource
guarantees for green technological research and development and equipment upgrading.
In addition, by establishing long-term cooperative norms and shared environmental ob-
jectives, supply chain green strategic alliances strengthen green governance mechanisms,
reduce coordination costs and transaction risks associated with green innovation, and
enhance firms’ strategic willingness to engage in green innovation activities.

Based on this theoretical framework, this study addresses two research questions.

RQ1: What is the relationship between supply chain green strategic alliances and firm
green innovation?

RQ2: Through what mechanisms do supply chain green strategic alliances influence
firm green innovation?
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Using a sample of Chinese A-share listed firms from 2011 to 2023, this study constructs
a firm-level indicator of supply chain green strategic alliances based on text analysis and ma-
chine learning techniques and empirically examines their impact on firm green innovation.

This study makes four contributions to the literature. First, it extends the application
of empowerment theory to inter-organizational contexts. While prior studies mainly focus
on empowerment within organizations, such as individuals or teams [17,18], this study
highlights relational empowerment in supply chain networks. By examining resource em-
powerment, structural empowerment, and institutional empowerment, this study develops
a theoretical framework of inter-organizational collaborative empowerment that explains
how supply chain alliances enhance firm green innovation.

Second, this study provides practical insights into how firms can overcome the resource
constraints associated with green innovation. Given the high risk and long development
cycle of green innovation, forming supply chain green strategic alliances offers an effective
strategy for accessing environmental knowledge and stabilizing long-term resource support.
By building green partnerships with upstream and downstream partners, firms can move
beyond closed innovation and accelerate the generation of green technological outcomes.

Third, this study contributes to the literature on strategic alliances and firm innovation.
Existing research primarily focuses on horizontal alliances and their effects on firm inno-
vation performance [14,19,20]. In contrast, this study shifts the analytical focus to vertical
alliances embedded within supply chain relationships and examines how environmen-
tally oriented collaboration between upstream and downstream partners influences firm
green innovation.

Fourth, this study introduces methodological and empirical innovations. Drawing on
nearly 3.6 million inter-corporate alliance agreements from 2011 to 2023, this study applies
text analysis and machine learning techniques combined with green policy keywords to
construct a large-scale indicator of supply chain green strategic alliances. This approach
provides a novel empirical tool for measuring green collaborative alliances and allows us
to identify three mechanisms through which supply chain alliances promote firm green
innovation: the reconfiguration of green knowledge boundaries, increased environmental
investment, and improved green governance structures.

The remainder of this paper is organized as follows. Section 2 reviews the relevant
literature. Section 3 develops the testable hypotheses. Section 4 describes the research
design and empirical methodology in detail. Section 5 reports the main empirical results.
Section 6 discusses the findings and presents the conclusions.

2. Literature Review
2.1. Firm Green Innovation

In recent years, with the growing emphasis on green and sustainable development,
scholars have conducted extensive research on the drivers of firm green innovation. Existing
studies generally examine these drivers from two perspectives: external institutional forces
and internal firm characteristics. From the perspective of external drivers, institutional
forces constitute a central line of inquiry. The literature mainly develops along two strands:
the institutional constraint view and the institutional incentive view. On the one hand,
some studies argue that environmental regulation increases the economic costs of firms’ en-
vironmental compliance and may therefore inhibit firm green innovation [8]. On the other
hand, research based on the Porter Hypothesis suggests that environmental regulation
can generate an innovation compensation effect by offsetting compliance costs, improving
corporate productivity and competitiveness, and thereby stimulating firm green innova-
tion [21]. In addition to regulatory constraints, governments often implement fiscal and tax
incentive policies, such as subsidies, rewards, and tax rebates, to address the externality
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and high-risk characteristics of green innovation activities [22]. These policies help correct
market failures and promote the efficient allocation of green innovation resources [23].
Moreover, through signaling effects, fiscal and tax incentives convey policy priorities and
guide social capital toward environmentally oriented firms, thereby alleviating shortages
of research and development funding [24]. From a stakeholder perspective, financial insti-
tutions such as banks, insurance companies, and securities firms also play an important
role in supporting firm green innovation. Through financial instruments including green
credit, green bonds, and green funds, these institutions channel capital toward ecological
protection and environmental governance projects. Such mechanisms can alleviate firms’
financing constraints and provide financial support for technological development and
green product innovation [11]. From the perspective of internal firm characteristics, several
firm-level factors have been shown to influence firm green innovation. For example, execu-
tives” green identity recognition [12], directors” environmental backgrounds [25], younger
management teams [26], and greater firm financial flexibility [27] have all been found to
significantly promote firm green innovation.

2.2. Supply Chain Green Strategic Alliances

Strategic alliances, as an important form of inter-firm collaboration, have become a key
organizational mechanism through which firms respond to complex environments, access
external resources, and achieve collaborative innovation. Horizontal strategic alliances typ-
ically refer to cooperative relationships between firms and universities, research institutes,
state-owned firms, and financial institutions. Such alliances can significantly enhance firms’
market position and competitive advantage [28-30]. However, because participants in
horizontal alliances often share similar technological trajectories and industry experience,
core knowledge can be easily imitated or replicated, which may induce opportunistic
behaviors such as free riding and selective information disclosure [31]. These limitations
have motivated scholars to shift their analytical focus toward supply chain networks.

Supply chain strategic alliances represent an important form of vertical collaboration
that connects upstream and downstream partners and integrates core resources along the
value chain, thereby improving overall supply chain coordination efficiency [32]. Their
effects can be summarized in two main aspects. First, such alliances facilitate access to
external resources and promote knowledge flows. They provide firms with channels to ac-
quire diversified knowledge, technologies, and market information [33], thereby expanding
firms’ knowledge boundaries and strengthening innovation capabilities. Second, supply
chain alliances generate governance and coordination effects. Through relationship-specific
investments and contractual arrangements, alliances help restrain opportunistic behavior,
enhance mutual trust, and stabilize cooperative expectations [34]. In addition, supply chain
alliances create synergistic effects through cost sharing and knowledge complementarity,
thereby promoting technological innovation [35], facilitating product development [36],
and accelerating the commercialization of new products [37].

Building on this literature, green strategic alliances refer to strategic partnerships
established between firms and their stakeholders [38] in which complementary resources,
benefits, and risks are shared to jointly create value and achieve sustainable development
goals across ecological, economic, and social dimensions [7]. After joining a green strate-
gic alliance, firms are subject to monitoring mechanisms and complementary incentive
structures embedded in cooperative agreements. These arrangements strengthen both
the motivation and institutional safeguards that support the achievement of firms’ green
development objectives [39].

https://doi.org/10.3390/su18062875


https://doi.org/10.3390/su18062875

Sustainability 2026, 18, 2875

50f26

3. Hypothesis Development
3.1. Supply Chain Green Strategic Alliances and Firm Green Innovation

Empowerment theory suggests that when organizations are endowed with critical
resources, structural support, and institutional safeguards, they become better able to
identify environmental opportunities, integrate dispersed resources, and achieve strategic
objectives [40,41]. Empowerment is reflected not only in increased resource availability but
also in enhanced organizational capacity to mobilize resources, coordinate interdependent
activities, and implement innovation. Importantly, empowerment operates across multiple
levels, including internal organizational systems, inter-organizational relationships, and
the broader institutional environment [42,43]. In the context of this study, supply chain
green strategic alliances represent a form of inter-organizational empowerment oriented
toward environmental objectives. By integrating green technological resources, facilitating
knowledge exchange, and establishing governance and coordination mechanisms among
upstream and downstream partners, these alliances strengthen firms’ capabilities to un-
dertake green innovation. Green innovation typically involves substantial investment
requirements, high technological uncertainty, and strong interdependence across supply
chain actors, which often exceed the capabilities of individual firms [44]. Supply chain green
strategic alliances therefore provide an important empowerment platform that improves
firms’ access to green resources, supports environmental investment, and strengthens
governance structures, thereby enabling corporations to overcome capability constraints
and enhance firm green innovation.

From the perspective of motivation, participation in supply chain green strategic
alliances strengthens firms’ strategic incentives to engage in green innovation by aligning
environmental objectives with economic returns. Through alliance-based collaboration,
firms and their partners can jointly develop differentiated green products and environ-
mentally friendly production solutions, enabling them to capture green market premiums
and build sustainable competitive advantages [45]. Meanwhile, under increasing institu-
tional pressures such as carbon pricing mechanisms, ESG disclosure requirements, and
environmental compliance audits, green strategic alliances provide firms with collective
legitimacy and risk-sharing arrangements. These mechanisms reduce the uncertainty asso-
ciated with environmental compliance and reinforce firms’ strategic commitment to green
transformation [46]. Such motivation encourages corporations to proactively invest in
green technologies and pursue environmentally oriented innovation strategies, thereby
promoting firm green innovation [47,48].

From the perspective of capability, supply chain green strategic alliances provide
firms with structured mechanisms for accessing, integrating, and utilizing external green
innovation resources. Through technological knowledge sharing, expanded access to
green financing channels, and contract-based governance and monitoring, these alliances
strengthen firms’ capacity to overcome internal resource constraints and capability lim-
itations that often hinder green innovation [49]. Collaborative interactions within such
alliances facilitate the diffusion of green technologies, enhance firms’ absorptive capacity
for environmental knowledge, and improve coordination across different stages of the
value chain [49]. As a result, corporations are better able to integrate dispersed green
resources and accelerate the development and commercialization of green technologies.
For example, within its supply network for key components such as batteries, motors, and
electronic control systems, BYD Company Limited has collaborated with upstream and
downstream partners to establish a green supply chain coordination platform. Through
the joint development of green procurement standards, the sharing of carbon emissions
data, and the co-development of low-carbon manufacturing processes, this alliance has
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improved the efficiency of green technology diffusion among member corporations and
promoted knowledge spillovers and green innovation upgrading across the value chain.
Based on the above analysis, the following hypothesis is proposed.

H1. Supply chain green alliances are positively associated with firm green innovation.

3.2. Mechanism Analysis
3.2.1. Reconstructing Green Knowledge

Reconstructing the green knowledge structure. Grounded in empowerment theory,
supply chain green strategic alliances empower firms by expanding access to external
green knowledge and strengthening their capability to integrate and exploit such knowl-
edge [50,51]. By connecting upstream and downstream partners, these alliances reconstruct
firms’ green knowledge boundaries through the integration of green technological knowl-
edge, thereby facilitating firm green innovation [52,53]. Unlike modular innovation, green
innovation relies more heavily on cross-boundary collaboration involving proprietary
knowledge related to green production processes, product attributes, and sustainability-
oriented market demand [54,55]. From the knowledge-based view, firms’ knowledge
capability consists of two key dimensions: knowledge breadth and knowledge depth.
Knowledge breadth is developed through the integration of heterogeneous knowledge
across different domains, whereas knowledge depth arises from the intensive accumulation
of expertise within specific domains [50,56].

Regarding knowledge breadth, supply chain green strategic alliances enable firms to
acquire diversified inputs such as green market trends, user preferences, and eco-design
knowledge [51,52]. Upstream partners typically contribute exploratory and tacit knowl-
edge, including new material development and green technology principles, whereas
downstream partners provide application-oriented knowledge related to commercializa-
tion, market feedback, and implementation strategies [53,54]. The complementarity of
these heterogeneous inputs enhances firms’ ability to identify, combine, and update green
knowledge. Regarding knowledge depth, repeated technical collaboration and feedback
within alliances facilitate the systematic absorption of explicit knowledge, the internal-
ization of tacit knowledge, and cumulative organizational learning [50,56]. Through this
empowerment-driven reconfiguration of the green knowledge structure, supply chain
green strategic alliances significantly promote firm green innovation [52,55].

Based on the above analysis, the following hypothesis is proposed:

H2a. Supply chain green strategic alliances enhance firm green innovation by reconstructing the
green knowledge.

3.2.2. Strengthening Environmental Investment

Strengthening environmental investment. Drawing on empowerment theory, supply
chain green strategic alliances empower firms by enhancing both the motivation and the
capacity to allocate environmental capital, thereby strengthening the financial foundation
for firm green innovation. Because sustained environmental investment represents a critical
strategic resource, its accumulation and allocation play a decisive role in determining the
continuity and effectiveness of green innovation activities [57]. Supply chain green strate-
gic alliances reinforce firms’ environmental investment primarily through two channels:
increased investment willingness and enhanced resource provision.

From the willingness channel, when demand for green innovation is highly uncertain,
supply chain green strategic alliances enable partners to establish shared environmental
objectives and stable cooperative relationships that increase the perceived certainty of
returns on environmental investment. This, in turn, strengthens firms’ commitment to
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relationship-specific green assets and encourages long-term environmental investment [55].
From the resource-provision channel, the trust and coordination embedded in alliance
relationships improve firms’ financing conditions [58]. Upstream suppliers may provide
trade credit or extended payment terms, financial institutions may offer more favorable
loan conditions due to the alliance’s green reputation and supply chain stability, and
stable downstream procurement contracts improve the predictability of project returns. By
reducing financing uncertainty and opportunity costs, this empowerment-driven increase
in environmental investment significantly promotes firm green innovation [11].
Based on the above analysis, the following hypothesis is proposed:

H2b. Supply chain green alliances enhance firm green innovation by strengthening environmental
investment.

3.2.3. Optimizing Green Governance

Optimizing the green governance structure. Grounded in empowerment theory, sup-
ply chain green strategic alliances empower firms by strengthening governance safeguards
and strategic accountability, thereby improving the governance conditions for firm green
innovation [59,60]. Because green innovation typically requires substantial investment,
long development cycles, and uncertain short-term returns, firms may underinvest in green
innovation when governance mechanisms are weak and opportunistic incentives prevail.
In this context, the contractual governance embedded in supply chain green strategic
alliances shapes firms’ green strategic orientation through two key dimensions: constraint
and incentive [61,62].

On the constraint dimension, formal alliance contracts restrain green opportunism [59].
Given the asset specificity and long payback periods associated with green projects, short-
term incentives may undermine collaborative efforts. By specifying rights and responsi-
bilities, resource commitments, and compliance requirements among partners, alliance
contracts reduce cooperation uncertainty, limit free riding and opportunistic exit, and
embed green innovation within firms” medium- and long-term strategic agendas [63]. On
the incentive dimension, participation in supply chain green strategic alliances strengthens
external rewards for green innovation. The alliance functions as a credible signal of firms’
green commitment and capability, improving access to institutional support such as priority
government green procurement programs, collaborative project opportunities, and green
certifications [62]. In addition, a stronger green reputation enhances financing conditions,
credit assessments, and market evaluations, thereby lowering the cost of capital and allevi-
ating firms’ financing constraints [60]. Through this empowerment-driven optimization of
governance mechanisms, supply chain green strategic alliances significantly promote firm
green innovation [64].

Based on the above analysis, the following hypothesis is proposed:

H2c. Supply chain green alliances enhance firm green innovation by optimizing green governance.

The theoretical framework is shown in Figure 1.
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Figure 1. Theoretical Framework.

4. Methodology
4.1. Research Model Construction

This study adopts a quantitative research approach for several reasons. First, the study
examines the relationship between supply chain green strategic alliances and firm green
innovation, as well as the underlying mechanisms, which constitutes a typical hypothesis-
testing research setting. Quantitative methods based on large-sample data and statistical
analysis enable us to identify the relationships among variables and estimate the magnitude
of their effects, thereby providing rigorous empirical evidence for the proposed hypotheses.
Second, existing studies on green supply chain alliances have largely relied on qualitative
case analyses [39]. Although such approaches provide valuable insights into the internal
dynamics of alliance operations, their findings are often limited in external validity because
they depend on specific organizational contexts. A quantitative approach enables theory
testing across a broader industrial setting and therefore improves the generalizability of the
results. Third, this study incorporates multiple control variables to account for potential
confounding factors. Quantitative methods allow these factors to be effectively controlled
through regression models, enabling a more precise estimation of the net effect of the core
explanatory variable on firm green innovation. Accordingly, this study constructs the
following regression model to test the proposed hypotheses.

GPAT; ¢ = Bg + B1GSA; ++B;CVsit + Y Year+) Firm+ei, (1)

Here, GPAT; ; denotes the firm green innovation of firm i in year t, and GSA; ; denotes
the supply chain green strategic alliance of firm i in year t. CVs represent a set of control
variables for firm i in year t, while Year and Firm denote year fixed effects and firm
fixed effects, respectively. If the coefficient 3; on GSA;; is significantly positive, then
Hypothesis 1 is supported.

4.2. Sample Selection and Data Sources

This study uses Chinese A-share listed firms in the Shanghai and Shenzhen stock
markets from 2011 to 2023 as the initial research sample. The starting year of 2011 is selected
for two reasons. First, after 2010, green technological innovation activities among Chinese
firms entered a more active stage, and the quality of patent data improved significantly.
Second, beginning in 2011, the disclosure of strategic alliance information by listed firms
became more standardized, and platforms such as Eastmoney (eastmoney.com) started
to systematically collect and publish alliance announcements, thereby improving data
availability. The data used in this study are obtained from three professional databases and
integrated through a multi-step matching procedure.
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Strategic alliance data: These data are collected from strategic alliance agreement
announcements disclosed by listed firms on Eastmoney. Using Python 3.11.3 scripts, we
crawled and organized 3,264,000 strategic alliance announcements released by Shanghai
and Shenzhen A-share listed firms between 2011 and 2023. To ensure data quality, several
screening criteria were applied. Only announcements explicitly involving technological
cooperation, research and development alliances, or green collaboration were retained.
Announcements related solely to general commercial cooperation, such as sales agency
agreements or procurement contracts, were excluded. When multiple announcements
referred to the same alliance event, only the first disclosure was retained.

Firm green innovation data: These data are obtained from the IncoPat patent database,
a leading global technological innovation intelligence platform that covers patent informa-
tion recorded by the China National Intellectual Property Administration (CNIPA). The
database has been widely used in both domestic and international academic research. We
collected patent application and grant data for all listed firms during the sample period and
identified green patents based on the International Patent Classification (IPC) Green Inven-
tory issued by the World Intellectual Property Organization (WIPO), thereby constructing
firm-level green innovation indicators.

Financial and corporate governance data: These data are obtained from the China Stock
Market and Accounting Research (CSMAR) database, one of the most widely used financial
and economic databases in empirical research. The database compiles information from
official disclosure sources such as listed firms’ annual reports and interim announcements,
ensuring high data reliability and accuracy.

4.3. Variable Definitions
4.3.1. Dependent Variable

Firm Green Innovation (GPAT). Following prior research [65], this study measures
firm green innovation by the number of green patent applications filed by a listed firm in a
given year. The variable GPAT is constructed as the natural logarithm of the number of
green patent applications plus one.

4.3.2. Explanatory Variables

Supply chain green strategic alliance (GSA). Drawing on prior research, this study con-
structs an indicator of supply chain green strategic alliances using a text-mining approach.
The specific steps are as follows. First, based on Eastmoney, a total of 3,264,000 announce-
ment texts released by listed firms and containing keywords such as “strategic alliance”,
“strategic union”, “strategic cooperation”, and “strategic partnership” were extracted. A
Hidden Markov Model (HMM) was then applied for entity—relation extraction to identify
detailed information on strategic alliance cooperation in the announcements. Second,
semantic parsing was conducted on policy documents such as the Guidance Catalogue
for Green Industries and the National Standards for Green Supply Chain Management.
Candidate terms were generated using Jieba tokenization in Python, and 93 high-frequency
seed terms were selected through double manual verification to construct a foundational
domain lexicon for green alliances, covering core concepts such as cleaner production,
circular economy, and carbon emission reduction. Third, semantic space mapping was
performed using the Continuous Bag-of-Words (CBOW) architecture of Word2Vec, and
vocabulary expansion was achieved via context-vector prediction. The objective function

of the model can be expressed as: max }_ logp[k|Context(k)]|, where k denotes the center
kez
word, Z denotes the corpus, and Context(k) represents the contextual feature vector within

the sliding window. After manual validation, a green alliance keyword repository with
more than 280 terms was constructed. Fourth, semantic network analysis was conducted

https://doi.org/10.3390/su18062875


https://doi.org/10.3390/su18062875

Sustainability 2026, 18, 2875

10 of 26

on key elements in the announcements, such as cooperating entities, environmental content,
implementation cycle, and the scale of green investment. The analysis focused on identify-
ing the following information: (1) whether the partners belong to an upstream—downstream
relationship within the supply chain; (2) whether the cooperation content involves green
technology sharing and co-development of environmental standards; and (3) whether ex-
plicit energy-saving and emission-reduction targets are included. Matching was performed
using the Levenshtein distance algorithm in Python, together with manual cross-checking,
and 9842 valid supply chain green strategic alliance contracts were ultimately identified.
Fifth, a dynamic adjustment mechanism was established. For announcements indicating
alliance termination or failure to achieve environmental targets, the alliance status was no
longer counted from that year onward. Finally, an annual firm-level indicator measuring
the number of supply chain green strategic alliances participated in by each firm (GSA) was
constructed. A more detailed description of the indicator construction process is provided
in the Appendix A and Figure A1.

4.3.3. Control Variables

This study controls for a set of variables capturing firm characteristics, firm gover-
nance characteristics, as well as industry and year effects. Firm green innovation may be
influenced by factors such as firm size (Size) and leverage (Lev). In addition, effective firm
governance can enhance firms’ capability to integrate technological resources. Therefore,
this study includes governance-related variables such as the number of years since listing
(ListAge) and board size (Board). To further account for unobserved heterogeneity across
industries and time, industry and year fixed effects are included in the regression models.
Detailed definitions of all variables are reported in Table 1.

Table 1. Variable Description and Definition.

Variable Properties

VarName Symbol Variable Description

Explained variable

Firm Green Innovation GPAT In (Number of green patent applications+1)

Explanatory variable

Supply Chain Green Strategic

Alliance GSAN Number of corporate participating in supply chain green strategic alliances

Green knowledge KD

Green Knowledge Diversification (KD) Calculation Using Techman
Entropy Index, YL, p;In(1/p;), where p;, = P;/P; i denotes a
technological category in the firm’s knowledge base; n represents all
technological categories covered by the firm’s patents; P; denotes the
number of the firm'’s patents that involve technological category i; and P
denotes the total number of the firm’s green patents.

Mediating variables

Environmental investment (GR&D) is achieved by selecting keywords
such as “environmental protection” and “greening” from the annual
reports of listed firms, and using their total amount as the firm’s

Environmental investment GR&D environmental expenditure; Then, the intensity of environmental

investment is measured as the ratio of that amount to capitalized
expenditures (including cash paid for the purchase of fixed assets,
intangible assets, and other long-term assets).

Management Green Opportunism (MGO) is derived through factor
MGO analysis based on three dimensions: environmental responsibility, social
responsibility, and governance responsibility.

Government Environmental Subsidies (GES) are constructed using

Green Governance detailed information under “Government Subsidies” in the annual report

notes of listed firms: extracting entries containing keywords such as

i

“environmental governance”, “energy conservation and emission
reduction”, “environmental protection subsidies”, and “environmental
protection rewards”, and using the natural logarithm of the total amount
plus one as a proxy for the intensity of government

environmental subsidies.

GES
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Table 1. Cont.
Variable Properties VarName Symbol Variable Description
Firm size Size Take the natural logarithm of annual total assets
Debt-to-asset ratio Lev Year-end total liabilities/ Year-end total assets
Net profit margin of ROA Net profit/average balance of total assets
total assets
Cash flow Cashflow Net cash flows from operating activities/total assets
Growth potential Growth Current year’s operating income /previous year’s operating income — 1
Number of directors Board Take the natural logarithm of the number of board members
Control variable el el
Proportion held by the largest Topl Number of shares held by the largest shareholder/total number of shares
shareholder
Proportion of independent Indep Independent directors/number of directors

directors

If the chairman and general manager are the same person, take 1;

Dual roles combined Dual otherwise. take 0
Nature of property rights SOE State-owned holding firms take 1, while others take 0
Number of years listed ListAge Ln (current year — listing year + 1)

5. Empirical Results and Analysis
5.1. Descriptive Statistics

Table 2 reports the descriptive statistics of the main variables. The mean value of
firm green innovation (GPAT) is 0.265, with a minimum of 0 and a maximum of 2.996,
indicating substantial variation in the level of firm green innovation among Chinese listed
firms. The mean value of participation in supply chain green strategic alliances (GSAN) is
0.079, with a standard deviation of 0.394, a minimum of 0, and a maximum of 9, suggesting
considerable dispersion in firms’ participation in such alliances across the sample. The
descriptive statistics of the remaining control variables fall within reasonable ranges and
are therefore not discussed in detail.

Table 2. Descriptive statistics result.

VarName Obs Mean SD Min Median Max
GPAT 25,134 0.265 0.624 0.000 0.000 2.996
GSAN 25,134 0.079 0.394 0.000 0.000 9.000

Size 25,134 22.051 1.186 19.590 21.882 26.444
Lev 25,134 0.383 0.193 0.032 0.371 0.925
ROA 25,134 0.045 0.068 —0.375 0.044 0.255
Cashflow 25,134 0.051 0.067 —0.199 0.049 0.267
Growth 25,134 0.151 0.353 —0.648 0.100 3.705
Board 25,134 2.097 0.195 1.609 2.197 2.708
Topl 25,134 0.331 0.141 0.076 0.309 0.758
Indep 25,134 0.377 0.054 0.333 0.364 0.600
Dual 25,134 0.342 0.474 0.000 0.000 1.000
SOE 25,134 0.233 0.423 0.000 0.000 1.000
ListAge 25,134 1.907 0.957 0.000 2.079 3.434

5.2. Correlation Analysis

Table 3 reports the Pearson correlation coefficients among the main variables. The
results indicate that supply chain green strategic alliances are significantly and positively
correlated with firm green innovation (p < 0.01), suggesting that firms with greater par-
ticipation in green strategic alliances tend to exhibit higher levels of green innovation.
This finding provides preliminary support for the main hypothesis of this study. With

https://doi.org/10.3390/su18062875


https://doi.org/10.3390/su18062875

Sustainability 2026, 18, 2875

12 of 26

respect to the control variables, firm size, financial leverage, return on assets, cash flow,
growth opportunities, board size, and ownership concentration are all positively correlated
with firm green innovation. These results indicate that firms with larger size, stronger
profitability, greater financial liquidity, stronger growth prospects, and more effective
governance structures tend to demonstrate higher levels of green innovation. In contrast,
the proportion of independent directors and CEO duality are negatively correlated with
firm green innovation, suggesting that board independence and concentrated managerial
authority may influence firms’ strategic orientation toward environmental governance.
In addition, the absolute values of most pairwise correlation coefficients are below 0.5,
suggesting that severe multicollinearity is unlikely to be a concern. To further assess this
issue, variance inflation factors (VIF) are calculated. All VIF values are below 2, which is
well below the conventional threshold of 10, indicating that multicollinearity does not pose
a serious concern for the regression analysis.

Table 3. Correlation analysis result.

VarName GPAT GSAN Size Lev ROA Cashflow Growth VIF
GPAT 1
GSAN 0.035 *** 1 1.02
Size 0.555 *** —0.113 *** 1 1.75
Lev 0.339 *** —0.094 ***  —(.475 *** 1 1.69
ROA 0.104 *** 0.019 *** —0.006 0.393 *** 1 1.83
Cashflow 0.137 *** 0.029 *** —0.095 ***  (0.175 *** —0.468 *** 1 1.34
Growth 0.083 *** —0.030 ***  —0.054 ***  —0.041 *** —0.287 ** —(0.035 *** 1 1.15
Board 0.162 *** —0.019 ***  —0.244 ***  —(.133 *** —0.005 —0.013 * —0.007 1.71
Topl 0.061 *** 0.019 *** —0.081 ***  0.032 *** —0.161 **  —0.113 *** —0.007 1.12
Indep —0.063 *** 0.004 0.018 *** 0.012 * 0.019 *** —0.003 0.010 1.55
Dual —0.124 *** —0.009 0.164 *** 0.109 *** —0.043 *** 0.001 —0.029 *** 1.13
SOE 0.174 *** 0.007 —0.324 ***  —0.261 ***  0.115*** 0.038 *** 0.055 *** 1.43
ListAge 0.277 *** —0.033 ***  —(0.459 ***  —(0.368 ***  (.259 *** 0.001 0.092 *** 1.68
VarName Board Topl Indep Dual SOE ListAge
Board 1
Topl 0.035 *** 1
Indep 0.578 *** —0.048 *** 1
Dual 0.168 *** 0.0100 —0.106 *** 1
SOE —0.247 ***  —0.133 ***  (0.057 *** 0.286 *** 1
ListAge —0.152**  (0.141 *** 0.024 *** 0.250 *** —0.433 *** 1

Note: * and *** indicate statistical significance at the 10% and 1% levels, respectively.

5.3. Baseline Regression

Based on Model (1), this study estimates multivariate regression models to examine the
impact of supply chain green strategic alliances on firm green innovation. The regression
results are reported in Table 4. Columns (1) and (2) report that the coefficients on supply
chain green strategic alliances are 0.275 and 0.134, respectively, both statistically significant
at the 1% level. After introducing two-way fixed effects in Column (3), the estimated
coefficient of supply chain green strategic alliances remains positive and significant at the
1% level. These results indicate that greater participation in supply chain green strategic
alliances is associated with higher levels of firm green innovation, providing empirical
support for the main hypothesis of this study.
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Table 4. Benchmark Regression Analysis.

@ ) 3)
VarName
GPAT GPAT GPAT
0.275 *+ 0.134 *** 0.134 *+*
GSAN (0.007) (0.014) (0.014)
. 0.013
1ze (0.008)
N 0.024
ev (0.026)
0.043
ROA (0.044)
—0.047
Cashflow (0.047)
~0.003
Growth (0.007)
0.030
Board (0.040)
—0.028
Topl (0.059)
0.066
Indep (0.112)
0.001
Dual (0.007)
0.003
SOE (0.014)
. —0.023 *
ListAge 0.010)
c 0.094 *++ 0.106 *** —0.226
onstant (0.003) (0.001) (0.214)
Firm FE No Yes Yes
Year FE No Yes Yes
N 25,134 25,134 25,134
Adj-R? 0.057 0.516 0.516

Note: ** and *** indicate statistical significance at the 5% and 1% levels, respectively. Robust standard errors
clustered at the firm level are reported in parentheses.

5.4. Robustness Checks
5.4.1. Alternative Measures of the Explanatory Variable

To test the robustness of the baseline results, this study replaces the baseline explana-
tory variable with three alternative measures: a dummy variable indicating whether a
firm participates in a supply chain green strategic alliance (GSA), the number of sentences
related to supply chain green strategic alliances disclosed in firm reports (GSAS), and the
tone score of supply chain green strategic alliance statements (GSAT). Columns (1)—(3) of
Table 5 report that after adopting these alternative measures of the explanatory variable,
the estimated coefficients remain positive and statistically significant at the 1% level. These
results confirm the robustness of the main findings.
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Table 5. Robustness test result.
1) (2) (3) 4) (5) (6) (7)
VarName
GPAT GPAT GPAT GPAT GPAT GPAT GPAT
0.107 ***
GSA (0.011)
0.525 ***
GSAS (0.069)
0.236 ***
GSAT (0.018)
0.124 *** 0.133 *** 0.133 *** 0.134 ***
GSAN (0.018) (0.014) (0.014) (0.014)
Constant —0.130 —0.146 —0.098 —0.554 * —0.183 —0.196 —0.230
onstan (—0.611) (—0.681) (—0.462) (0.318) (0.213) (0.212) (0.213)
Control Yes Yes Yes Yes Yes Yes Yes
Firm FE Yes Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes Yes
N 25,134 25,134 25,134 12,951 25,134 25,134 25,134
Adj—R2 0.513 0.508 0.517 0.593 0.517 0.516 0.516

Note: * and *** indicate statistical significance at the 10% and 1% levels, respectively. Robust standard errors
clustered at the firm level are reported in parentheses.

5.4.2. Adjusting the Sample Period

To mitigate the potential impact of the COVID-19 pandemic, this study restricts
the sample period to 2011-2019 and re-estimates the regression model. As reported in
Column (4) of Table 5, the coefficient of the core explanatory variable remains positive and
statistically significant at the 1% level, providing additional support for the robustness of
the main findings.

5.4.3. Exclusion Tests

Improvements in firm green innovation may arise from structural factors other than
the direct effect of supply chain green strategic alliances. For example, a firm’s position in
the alliance network, its participation in industry associations or chambers of commerce,
and the size of its upstream and downstream partners may increase external connectivity
and generate scale spillover effects, thereby influencing the level of firm green innovation.
To address these potential concerns, this study introduces additional control variables into
the baseline regression model, including alliance network centrality (Degree, Close), the
number of executives who are members of industry associations or chambers of commerce
(Num), the average firm size of the top five suppliers (Supply), and the average firm size of
the top five customers (Custom). As reported in Columns (5)-(7) of Table 5, the coefficient
of supply chain green strategic alliances remains positive and statistically significant at the
1% level. These results indicate that the baseline findings remain robust after controlling
for these additional factors.

5.5. Endogeneity Tests
5.5.1. Propensity Score Matching (PSM)

Considering that firms participating in supply chain green strategic alliances and those
that do not participate may differ systematically in operational characteristics and other
dimensions, this study employs propensity score matching (PSM) to alleviate potential
sample selection bias. First, using a Logit model, we take whether a firm participates
in a supply chain green strategic alliance as the dependent variable and include the full
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set of baseline control variables as covariates to estimate propensity scores. Secondly,
following the common methods in the literature, we use one-to-one nearest neighbor
matching and kernel matching to identify control firms with similar features. The baseline
regression is then re-estimated using the matched sample. The regression results reported
in Columns (1)—(2) of Table 6 show that the coefficient on supply chain green strategic
alliances remains positive and statistically significant at the 1% level, indicating that the
baseline findings remain robust after accounting for potential selection bias.

Table 6. Endogeneity test.

® (2 3)

VarName
GPAT GPAT GPAT
0.117 *** 0.111 *** 0.134 ***
GSAN (0.023) (0.020) (0.014)
1.450
IMR (0.968)
Constant —0.755 —0.457 —7.667
onstan (1.345) (0.917) (9.523)
Control Yes Yes Yes
Firm FE Yes Yes Yes
Year FE Yes Yes Yes
N 2751 4039 25,134
Adj-R? 0.474 0.505 0.516

Note: *** indicates statistical significance at the 1% level. Robust standard errors clustered at the firm level are
reported in parentheses.

5.5.2. Heckman Two-Stage Model

To address the potential problem of sample selection bias, this study adopts the
Heckman two-stage model. In the first stage, a Probit model is used to estimate the inverse
Mills ratio (IMR), where the explanatory variables consist of firm characteristics and firm
governance variables. In the second stage, the estimated IMR is incorporated into the
baseline regression as an additional control variable to test whether potential selection bias
biases the main results. As reported in Column (3) of Table 6, after including the IMR,
the coefficient on supply chain green strategic alliances remains positive and statistically
significant. This result indicates that the positive relationship between supply chain green
strategic alliances and firm green innovation remains robust after accounting for potential
selection bias.

5.6. Mechanism Test

The empirical results reported in Table 4 show that supply chain green strategic al-
liances significantly promote firm green innovation. However, the specific mechanisms
through which this effect operates remain unclear. To further examine the underlying
mechanisms, this study conducts mechanism analyses focusing on the three pathways pro-
posed in the research hypotheses: the reconfiguration of green knowledge, environmental
investment, and the optimization of green governance. Therefore, the following empirical
models are specified to test these mechanisms.

Mediator;; = Bg + B1GSAN; ++B,CVs; ¢ + Z Year+ Z Firm+-¢; (2)

In the mechanism analysis, Mediator; ; represents the mediating variable for firm i in
year t, GSAN; ; denotes the supply chain green strategic alliance variable, and other control
variables remain consistent with the baseline regression model.
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Firstly, based on theoretical arguments, supply chain green strategic alliances can
enhance green innovation among firms by promoting green knowledge exchange and
resource sharing, thereby promoting the absorption, restructuring, and reuse of green
technologies. To capture this mechanism, this study uses green knowledge diversification
as a proxy indicator. According to previous literature [66]. Green Knowledge Diversification
(KD) is calculated using the Techman entropy index as follows: [TiL; p;In(1/p; ), where
p; = Pi/P;irepresents the technology category in the firm’s knowledge base; N represents
all technology categories covered by the firm’s patents; P; represents the number of patents
related to technology category i in the corporation; P represents the total number of
green patents in the firm. Column (1) of Table 7 shows that, at the 1% significance level,
supply chain green strategic alliances are significantly and positively associated with
green knowledge diversification, indicating that firms obtain more heterogeneous green
knowledge and develop stronger green knowledge restructuring capabilities through
participation in green strategic alliances. Therefore, the green knowledge reconstruction
mechanism hypothesis is supported.

Table 7. Mechanism test result.

1) 2) 3 @
VarName
KD GR&D MGO GES
0.091 *** 0.147 ** —0.042 *** 0.334 **
GSAN (0.027) (0.059) (0.007) (0.137)
Constant 0.376 —4 547 *** —0.534 ** —4.208
onstan (0.673) (1.347) (0.209) (3.831)
Control Yes Yes Yes Yes
Firm FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 25,134 25,134 25,134 25,134
Adj-R2 0.149 0.413 0.729 0.432

Note: **, and *** indicate statistical significance at the 5%, and 1% levels, respectively. Robust standard errors
clustered at the firm level are reported in parentheses.

Secondly, supply chain green strategic alliances can promote firm green innovation by
strengthening environmental investment. On the one hand, investments in relationship-
specific assets such as research and development facilities, energy-saving equipment, and
green production processes can shorten the iteration cycle of green technologies, acceler-
ate the output of green innovation, and facilitate commercialization. On the other hand,
firms’ environmental investment not only provides the material foundation for resource
integration but also significantly improves the efficiency and quality of green knowledge
transformation and integration. Therefore, this study examines this mechanism from the
perspective of environmental asset investment. Specifically, Environmental Asset Invest-
ment (GR&D) is measured using entries in the “Construction in Progress” section of listed
firms’ annual reports that contain keywords such as “Environmental Protection,” “Green-
ing,” “Energy Conservation,” “Emission Reduction,” “Desulfurization,” “Dust Removal,”
“Wastewater Treatment,” and “Soil and Water Conservation.” These entries are identified as
environmental investment projects, and the total amount is treated as firms’ environmental
expenditure. The intensity of environmental asset investment is then measured as the ratio
of this amount to capitalized expenditures, including cash paid for the purchase of fixed
assets, intangible assets, and other long-term assets. The regression results reported in
Column (2) of Table 7 indicate a significant positive relationship between supply chain
green strategic alliances and environmental asset investment at the 1% significance level,
suggesting that participation in supply chain green strategic alliances significantly increases
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firms” environmental investment. Therefore, the environmental investment mechanism
hypothesis is supported.

Finally, supply chain green strategic alliances can also promote firm green innova-
tion by optimizing green governance structures. Strategic alliance governance has mainly
evolved into two core forms: contract governance and incentive governance. To test this
mechanism, this study employs two variables, namely management opportunism and
government environmental subsidies, to examine the role of supply chain green strategic
alliances in governance optimization. Management opportunism (MGO) is constructed
through factor analysis based on three dimensions: environmental responsibility, social
responsibility, and governance responsibility. Government Environmental Subsidies (GES)
are measured using detailed information disclosed under the “Government Subsidies” sec-
tion in the annual report notes of listed firms. Specifically, entries containing keywords such
as “environmental governance”, “energy conservation and emission reduction”, “environ-
mental protection subsidies”, and “environmental protection rewards” are extracted, and
the natural logarithm of the total amount plus one is used as a proxy for the intensity of gov-
ernment environmental subsidies. The regression results reported in Columns (3) and (4)
of Table 7 indicate that supply chain green strategic alliances are significantly negatively
associated with management opportunism and positively associated with government
environmental subsidies, with statistical significance at the 5% and 1% levels, respectively.
These findings suggest that participation in supply chain green strategic alliances signif-
icantly reduces opportunistic behavior and strengthens external incentive mechanisms.
Therefore, the green governance optimization mechanism hypothesis is supported.

5.7. Cross-Sectional Analysis
5.7.1. Intellectual Property Rights Protection

Strong intellectual property protection can alleviate firms’ concerns about the potential
leakage of core technologies within alliances and facilitate internal diffusion of tacit knowl-
edge. At the same time, stronger intellectual property protection provides legal safeguards
for the application and commercialization of green technologies, thereby increasing firms’
incentives to engage in technological integration. Accordingly, this study uses China’s
National Intellectual Property Pilot and Demonstration City program as a proxy for re-
gional intellectual property protection intensity (GP). As reported in Column (1) of Table 8,
the coefficient on the interaction term GSAN x GP is 0.010 and is statistically significant
at the 5% level. This result indicates that in regions with stronger intellectual property
protection, supply chain green strategic alliances have a stronger positive effect on firm
green innovation.

Table 8. Heterogeneity analysis.

1) (2) 3 )

VarName GPAT GPAT e o
GSAN x GP (283)85*;
GSAN x ER 0(-8%60 ;’;*
GSAN x IPP (2(?(1)34*)*
GSAN X Scii 0(810% Z;*
ow W WS W
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Table 8. Cont.

@ (2) 3) 4)

VarName
GPAT GPAT GPAT GPAT
Constant —0.073 —0.094 —0.099 —0.101
onstan (—0.346) (—0.441) (—0.469) (—0.473)
Control Yes Yes Yes Yes
Firm FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
N 25,139 25,139 25,137 25,139
Adj_R? 0.517 0.517 0.518 0.517

Note: **, and *** indicate statistical significance at the 5%, and 1% levels, respectively. Robust standard errors
clustered at the firm level are reported in parentheses.

5.7.2. Green Credit

Green credit, as an important financing instrument for guiding firms’ green invest-
ment, can alleviate financing constraints in the process of green technology integration by
providing access to relatively low-cost capital. Alliance members can use green credit to
accelerate the commercialization of green technologies and strengthen their commitment to
environmental responsibilities within the alliance, thereby reinforcing the strategic com-
mitment to firm green innovation. This study measures firms” access to green credit based
on China’s Green Credit Guidelines policy (ER). As reported in Column (2) of Table 8, the
coefficient on the interaction term GSAN x ER is 0.006 and is statistically significant at the
5% level. This result indicates that under stronger green credit support, supply chain green
strategic alliances play a stronger role in promoting firm green innovation.

5.7.3. Environmental Regulation

Environmental regulation increases firms” compliance costs and incentivizes alliance
members to adopt more proactive strategies for green transformation. At the same time,
it encourages collaborative relationships among alliance partners, thereby reducing insti-
tutional transaction costs and strengthening the technological integration role of green
strategic alliances. The intensity of environmental regulation is measured by constructing
an index based on the frequency of environment-related keywords in provincial govern-
ment work reports in China (IPP). As reported in Column (3) of Table 8, the coefficient
on the interaction term GSAN x IPP is 0.010 and is statistically significant at the 5% level.
This result indicates that stronger environmental regulation amplifies the positive effect of
supply chain green strategic alliances on firm green innovation.

5.7.4. Supply Chain Relationship

Strong supply chain relationships can reduce information asymmetry and opportunis-
tic behavior among alliance members, thereby providing a trust-based foundation for
knowledge and resource sharing. At the same time, stable collaborative relationships help
build a shared green vision among alliance partners and strengthen firms” willingness to
sustain long-term investment in green innovation. In this study, supply chain relationship
quality is measured by the average of the sales share attributable to the top five customers
and the procurement share attributable to the top five suppliers (Scii). As reported in
Column (4) of Table 8, the coefficient on the interaction term GSAN x Scii is 0.013 and is
statistically significant at the 1% level. This result indicates that for firms with stronger
supply chain relationships, green strategic alliances are more effective in promoting firm
green innovation.
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6. Conclusions, Discussion, Implications, and Limitations
6.1. Conclusions

Using a sample of Chinese A-share listed firms from 2011 to 2023, this study constructs
a firm-level measure of supply chain green strategic alliances based on textual analysis and
machine learning and examines its impact on firm green innovation. The results show that
firms participating in supply chain green strategic alliances demonstrate significantly higher
levels of green innovation output, suggesting that inter-firm environmental collaboration
enhances technological capability rather than serving merely symbolic roles. Mechanism
analyses indicate that this effect operates through three channels: the expansion of green
knowledge, increased environmental investment, and improved green governance. These
mechanisms collectively strengthen firms’ capacity to engage in green innovation with long-
term environmental benefits. Cross-sectional analyses further show that the positive effect
of supply chain green strategic alliances is stronger in regions with stronger intellectual
property protection, greater green credit support, and stricter environmental regulation, as
well as among firms with closer supply chain relationships. These findings are consistent
with the view that institutional support and relational stability enhance the effectiveness
of collaborative green innovation. Overall, this study contributes to the literature on
firm innovation and supply chain networks by identifying green strategic alliances as
an important organizational mechanism through which firms overcome capability and
resource constraints and promote green technological transformation under increasing
environmental pressures.

6.2. Discussion

Our findings contribute to the growing literature that identifies supply chain relation-
ships as an important determinant of firm environmental innovation. Prior research shows
that environmental pressures can propagate along customer—supplier links and induce
upstream firms to improve their green technological activities, highlighting the governance
role of supply chain partners in shaping firms’ innovation incentives [28]. Consistent with
this literature, our results indicate that supply chain relationships significantly influence
firms’ environmental behavior. However, while prior studies mainly emphasize pressure
transmission arising from regulatory exposure or partner environmental risk, we show
that voluntary supply chain green strategic alliances constitute an additional channel that
enhances firms’ green innovation capability. This finding suggests that supply chain collab-
oration not only constrains corporations through external pressure but also enables them
to build internal innovation capacity.

Our results are also consistent with the strategic alliance and green supply chain litera-
ture showing that green alliances promote green innovation through inter-organizational
learning and resource integration [7,67]. Extending this literature, we provide large-sample
archival evidence based on a machine-learning measure of supply chain green alliances
and identify specific internal mechanisms through which alliances influence innovation
outcomes. Specifically, supply chain green alliances expand firms” access to external envi-
ronmental knowledge, increase environmental investment, and strengthen green gover-
nance structures. These findings provide microlevel evidence explaining how collaborative
arrangements translate into tangible green innovation outputs, thereby addressing concerns
that alliance participation may reflect symbolic environmental engagement rather than
substantive technological change.

Moreover, our cross-sectional evidence helps reconcile mixed findings in recent re-
search regarding the institutional conditions under which green alliances are most effective.
Some studies suggest that alliances play a substitution role in weak institutional environ-
ments by compensating for resource constraints [67]. In contrast, we find that the innovation
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effect is stronger in regions with stronger intellectual property protection, greater green
credit availability, and stricter environmental regulation. This pattern is consistent with
the argument that stronger institutional protection reduces knowledge appropriation risk
and improves firms” ability to appropriate returns from innovation, thereby strengthening
incentives to engage in alliance-based knowledge exchange and long-term environmental
investment [68].

Finally, our findings complement emerging evidence on green innovation diffusion
within supply chain networks. Recent studies show that green innovation can spread
across supply chain partners through knowledge sharing and inter-firm learning [69,70].
We extend this literature by demonstrating that formalized supply chain green strategic al-
liances not only facilitate knowledge spillovers but also induce changes in firms’ investment
and governance decisions, which jointly enhance green technological innovation. Overall,
our study provides new evidence that supply chain green strategic alliances represent an
important organizational mechanism through which firms strengthen innovation capability
and respond to increasing environmental and regulatory pressures.

6.3. Theoretical Contributions

This study contributes to empowerment theory by extending it to the context of supply
chain green strategic alliances and clarifying how inter-organizational empowerment trans-
lates into firm green innovation through internal structural transformation. While prior
empowerment research has primarily emphasized how internal organizational practices or
digital technologies enhance firm capabilities, this study conceptualizes supply chain green
strategic alliances as an inter-firm empowerment mechanism that strengthens firms’ strate-
gic capacity for green innovation. Specifically, we show that such alliances empower firms
by reconstructing their green knowledge structures, strengthening environmental invest-
ment capacity, and optimizing green governance arrangements. These findings reveal that
empowerment operates through three interrelated pathways: knowledge empowerment,
which expands and deepens firms’ green knowledge bases; resource empowerment, which
enhances firms’ ability and willingness to allocate environmental capital; and governance
empowerment, which aligns internal decision-making structures with long-term green
innovation objectives. By identifying these internal transformation mechanisms, this study
moves empowerment theory beyond a general capability-enhancement perspective and
provides a more integrated theoretical explanation of how inter-organizational collabora-
tion reshapes firms’ knowledge structures, resource allocation, and governance foundations
to support sustained green innovation.

6.4. Managerial Implications

Based on the above findings, this study yields several important managerial implica-
tions. First, managers should recognize supply chain green strategic alliances not merely as
compliance-driven environmental initiatives but as a core strategic mechanism for building
firm green innovation capability. Rather than relying solely on internal R&D, firms can
leverage alliances with upstream and downstream partners to access complementary green
knowledge and technologies, thereby overcoming capability constraints arising from frag-
mented resources. Second, firms should actively use green alliances to restructure their
green knowledge boundaries by establishing stable channels for joint learning, technology
sharing, and coordinated problem solving. Such collaboration can reduce uncertainty
and improve the efficiency of green innovation activities. Third, the results indicate that
participation in green alliances stimulates environmental investment and strengthens green
governance structures. Managers are therefore encouraged to incorporate explicit envi-
ronmental objectives, contractual safeguards, and accountability mechanisms into alliance
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agreements in order to mitigate opportunistic behavior and reinforce long-term commit-
ment to green innovation projects. Fourth, because the innovation-enhancing effect of green
strategic alliances is stronger under conditions of robust intellectual property protection,
greater green credit availability, stricter environmental regulation, and closer supply chain
relationships, firms should strategically select alliance partners and operating environments
where institutional support and relational embeddedness can maximize the benefits of
collaborative green innovation. Overall, these implications suggest that supply chain green
strategic alliances function as an inter-firm empowerment mechanism through which firms
can simultaneously strengthen internal innovation capability and respond more effectively
to environmental and regulatory pressures, thereby accelerating their transition toward
sustainable and low-carbon development.

6.5. Limitations and Future Research

This study has several limitations that provide opportunities for future research. First,
our analysis focuses on publicly listed firms, which generally possess greater financial
resources, stronger governance structures, and higher disclosure transparency than small
and medium-sized firms. As a result, listed firms may be better positioned to establish green
strategic alliances and invest in green innovation, which may limit the generalizability of
our findings to smaller and more resource-constrained firms. Future research could examine
privately held firms and small and medium-sized firms to assess whether supply chain
green strategic alliances play a similar capability-enhancing role in these settings. Second,
our sample is drawn from Chinese listed firms operating within a distinct institutional
environment characterized by evolving environmental regulation and expanding green
finance. These institutional features may influence both alliance formation and innovation
incentives. Future research could extend the analysis to other countries and institutional
contexts to evaluate the external validity of our findings.
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Appendix A. Examples of Feature Keywords and Classification Criteria
for Identifying Supply Chain Green Strategic Alliances

In this study, a text analysis approach is employed to identify supply chain green
strategic alliances from strategic alliance announcements disclosed by listed firms. Each
announcement is evaluated individually based on three sequential screening criteria. The
specific procedure is shown in Figure Al.

Step 1. Identification of partner relationships

The first step determines whether the alliance involves upstream or downstream
supply chain partners. An alliance is classified as a supply chain relationship if the an-
nouncement contains keywords indicating vertical cooperation, such as supply chain,
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upstream and downstream, supplier, vendor, purchaser, distributor, dealer, agent, channel
partner, customer, supply chain coordination, demand and supply parties, procurement
party, supplying party, and other related terms.

Step 2. Identification of cooperation content

Conditional on the presence of a supply chain relationship, the announcement is
further examined to determine whether it involves green cooperation. An alliance is
classified as containing green content if the announcement includes expressions related to
green technologies or environmental standards. Specifically, three categories of keywords
are used.

(1) Green technology sharing. Keywords include green technology, environmental pro-
tection technology, clean technology, energy-saving technology, emission reduction
technology, low-carbon technology, new energy technology, renewable energy tech-
nology, ecological restoration technology, pollution control technology, end-of-pipe
treatment technology, source reduction technology, circular utilization technology,
comprehensive resource utilization, green processes, clean production processes,
technology sharing, technology transfer, technology licensing, technology exchange,
technological cooperation, joint research and development, co-development, technol-
ogy introduction, technology output, and technology diffusion.

(2) Joint development of environmental standards. Keywords include environmental
standards, green standards, low-carbon standards, energy efficiency standards, emis-
sion standards, pollutant discharge standards, energy consumption standards, green
certification, environmental certification, low-carbon certification, eco-label, carbon
label, green evaluation, environmental evaluation, joint formulation, co-formulation,
standard co-construction, mutual recognition of standards, access standards, technical
specifications, and environmental regulations.

(38) Greenresearch and development. Keywords include green R&D, environmental R&D,
green innovation, green technological innovation, clean technology R&D, environmen-
tal product development, green product design, eco-design, green design, environ-
mental materials, green materials, biodegradable materials, and renewable materials.

Step 3. Identification of cooperation objectives

The final step examines whether the alliance contains explicit environmental perfor-
mance goals. An alliance is regarded as having a clear green orientation if the announce-
ment includes statements related to the following objectives.

(1) Energy saving and efficiency improvement. Keywords include energy saving, en-
ergy conservation, reduction in energy consumption, energy efficiency improvement,
energy utilization rate, decline in energy intensity, and energy savings.

(2) Emission reduction and pollution control. Keywords include emission reduction,
discharge reduction, pollution abatement, carbon emission reduction, carbon neu-
trality, zero carbon, low-carbon emissions, pollutant reduction, clean production,
pollution control, compliant discharge, ultra-low emissions, near-zero emissions, and
zero emissions.

(3) Resource recycling. Keywords include circular utilization, resource recycling, waste
utilization, reuse, regeneration, resource recovery, harmless treatment, reduction,
resource conservation, and improvement in resource use efficiency.

(4) Environmental performance objectives. Keywords include environmental goals,
energy-saving targets, emission-reduction targets, carbon targets, green develop-
ment goals, sustainable development goals, environmental performance, green per-
formance, environmental commitments, and energy conservation and emission-
reduction responsibilities.
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In practice, a hierarchical screening procedure is adopted to construct the indicator
of supply chain green strategic alliances. First, announcements that satisfy Step 1 (supply
chain relationship) are retained. Second, among these announcements, those meeting Step
2 (green cooperation content) are further selected. Finally, for announcements that satisfy
the first two criteria, the presence of Step 3 (explicit environmental objectives) is recorded
as an auxiliary measure of the alliance’s green intensity.
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Figure A1. Main Steps in Constructing the Supply Chain Green Strategic Alliance Indicator.
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