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Green innovation is an essential strategy for businesses to gain a competitive edge and attain long-term sustainable growth. It does, however, often run into money problems. The rapid advancement of digital technology provides organizations with potent tools to get external resources through digital transformation, surmount resource obstacles, and promote environmentally-friendly innovation. The impact mechanism, however, necessitates additional elucidation. This article analyzes the data of Chinese A-share listed firms from 2012 to 2022, using resource dependence theory and stakeholder theory. This study examines how digital transformation affects the ability of organizations to innovate in environmentally friendly ways by focusing on the acquisition of external resources. Research has shown that digital transformation may significantly improve the quantity and quality of green innovation in businesses. Moreover, the findings of the intermediate impact study indicate that digital transformation has the potential to enhance the green innovation capacity of businesses by improving their environmental, social, and governance (ESG) standards. Concurrently, we noticed that the level of openness in disclosing environmental information by corporations and the quality of partnerships between the government and enterprises play a positive role in influencing the effects of digital transformation on the ability to innovate in environmentally friendly ways. Based on the findings of our research, we provide fresh perspectives and policy suggestions to assist business managers and governments in fostering environmentally-friendly innovation in enterprises.
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1 INTRODUCTION
Recognizing the environmental crisis triggered by economic development, China and the United States, as the world’s largest economies, jointly issued a statement during the United Nations Climate Change Conference (COP26), pledging to further reduce carbon emissions in the coming decade (Li et al., 2023b). Short-term changes in China have a positive effect on the country’s medium- and long-term economy. However, these reforms also place significant pressure on existing enterprises to undergo significant transformations. Green innovation refers to the intentional and systematic efforts made by businesses to create and improve new products, processes, and technologies. The goal is to reduce the adverse effects, such as environmental hazards, pollution, and resource depletion, at every stage of a product’s life cycle (Ben Arfi et al., 2018). Green innovation is widely recognized as a crucial driver for facilitating the shift towards environmentally friendly practices in enterprises and enhancing overall environmental sustainability (Obobisa et al., 2022). While the benefits of green innovation are readily apparent, its inherent features of high risk, substantial investment, and prolonged return time frequently render it susceptible to resource constraints (Zhao and Wang, 2022).
According to figures from the People’s Bank of China, green investment in China reached a total of 2.6 trillion yuan in 2022, accounting for approximately 2%–3% of the country’s gross domestic product (GDP). The government’s contribution accounted for approximately 10%–15% of the total investment, whereas social capital made up around 85%–90%. According to the Green Finance Professional Committee, China must devote a total of 487 trillion yuan towards green development over the next 3 decades in order to meet the “dual carbon” goal. According to the current investment ratio, there is a substantial deficit in funding for future development. In 2022, a majority of China’s environmental protection firms witnessed a decrease in their operational income and profits to different degrees, primarily owing to the influence of the economic climate and the pandemic. This circumstance has heightened the wariness of external investors and exacerbated the limitations on resources for environmentally-friendly innovation in firms. Therefore, it is crucial to increase investor interest in investing and enable the flow of social resources into the domain of sustainable development. China’s digital economy, seen in Figures 1, 2, has been steadily developing and reached a scale of 50.2 trillion yuan in 2022, reflecting a year-on-year rise of 10.3%. This is 41.5% of the country’s total GDP. Hence, in this particular context, it is essential to investigate if advanced digital technologies might contribute positively to the sustainable growth of businesses, aiming to strike a balance between economic progress and environmental preservation.
[image: Figure 1]FIGURE 1 | Carbon emission data of China in the past decade.
[image: Figure 2]FIGURE 2 | The magnitude of China’s digital economy.
Academics have thoroughly examined several methods of improving green innovation, acknowledging its substantial influence on sustainable development. Scholars conducted independent research to validate the influence of management ability, absorptive capacity, and leadership style on the capacity to innovate in green practices, considering the distinctive characteristics of organizations (Chen L. et al., 2023; Sun D. et al., 2023; Guang-lin and Tao, 2023). In addition, some scholars have demonstrated that environmental rules, government support, and economic conditions positively impact the promotion of corporate green innovation from an external environmental standpoint (Peng et al., 2021; Roh et al., 2021; Wang et al., 2022). Although earlier studies have produced significant findings, it is vital to highlight that only a restricted group of academics have established a correlation between digital transformation and green innovation. The main area of concentration for these academics is the reduction of carbon emissions (Yi et al., 2022), enhancement of manufacturing efficiency (Hao et al., 2023), and augmentation of investment (Liu et al., 2023) in research and development. Besides, the untapped advantages of digital transformation in fostering green innovation within organizations have not been thoroughly investigated.
Although there has been notable advancement in the examination of strategies that increase green innovation in companies, there are still unresolved concerns that require attention. Initially, companies must depend on ample external resources to foster innovation (Xiang et al., 2022). However, existing research on the influence of digital transformation on eco-friendly innovation has overlooked the advantages of digital transformation in facilitating companies’ access to external resources. Meanwhile, there is no consensus on the impact of digital transformation on green innovation in businesses. Although certain studies suggest that digital transformation can enhance sustainable business growth, an alternative perspective posits that it may deplete a company’s operational resources and impede its financial and environmental performance in the near future (Zhong and Ren, 2023). Consequently, it is necessary to elucidate the connection between digital transformation and green innovation in business. Furthermore, certain companies may seek to enhance their reputation by artificially inflating the quantity of green patent applications, thereby creating a facade of environmental friendliness (Han et al., 2024). However, these companies may not genuinely enhance their capacity for green innovation, thereby undermining the reliability of using the number of green patents as the sole indicator of their green innovation capability. Consequently, it is crucial to assess green innovation in a more comprehensive fashion. Finally, there is an increasing trend among financial institutions, external investors, governmental bodies, and other relevant parties to allocate financial resources towards initiatives that support sustainable development (Wan et al., 2022). Hence, more clarification is needed regarding the possible intermediary or regulating mechanisms in such cases.
The resource dependence theory posits that the viability and growth of enterprises hinge on their ability to acquire external resources. This theory is crucial for examining the resource movement between organizations and their external environment (Drees and Heugens, 2013). The stakeholder theory underscores the importance of enterprises taking into account the concerns and interests of all stakeholders during the development process. This theory has gained significant traction and has been extensively studied and applied to assist enterprises in acquiring external resources that yield profits in a competitive business environment (Barney, 2018). The resource dependence theory and stakeholder theory, from a resource perspective, synergistically offer a theoretical framework in this article to examine how digital transformation can facilitate enterprises in obtaining external resources and improving their green innovation capabilities. This study utilizes resource dependence theory and stakeholder theory to conduct regression analysis on the data of Chinese A-share listed businesses from 2012 to 2022, aiming to address the existing research gap. It intends to answer the following research questions: 1) Can digital transformation contribute to the advancement of green innovation in firms, particularly in terms of acquiring external resources? 2) Does the influence of digital transformation on green innovation differ according to the method of measurement? 3) Can we identify novel intermediary or regulatory methods to effectively control the influence of digital transformation on corporate green innovation, based on the viewpoint of this study?
This paper has the following research contributions: first, based on the resource dependence theory and stakeholder theory, this study links digital transformation with corporate green innovation from the perspective of resource acquisition, analyses why and how digital transformation affects corporate green innovation, and helps to supplement and expand the theoretical framework of current research; second, this paper divides corporate green innovation capacity into green innovation quantity and green innovation quality, and discusses the impact of digital transformation on these two dimensions separately, which makes up for the lack of comprehensiveness in the way green innovation capability is measured in traditional research; finally, this paper takes the level of corporate ESG as a potential mediating variable, and incorporates corporate environmental information transparency and government-enterprise relations into this process, which deepens our understanding of the nature of the relationship between digital transformation and green innovation and the boundary conditions. The findings of this study offer insights for managers seeking external resources to foster sustainable company expansion, as well as for regulators crafting legislation to attain the “dual-carbon goal.”
The subsequent portions of this work are structured in the following manner: Section 2 outlines the research hypotheses and theoretical framework. Section 3 provides an overview of the process for selecting and gathering data. Section 4 provides a comprehensive and thorough presentation of the outcomes. Section 5 focuses on discussion and implication. Section 6 is about the conclusion.
2 RESEARCH HYPOTHESIS AND THEORETICAL FRAMEWORK
2.1 Research hypothesis
2.1.1 The direct impact of digital transformation on green innovation
According to the resource dependence theory, organizations need to obtain resources for growth from the external environment to ensure their continued existence (Stern et al., 1979). This idea is founded on the assumption that organizations are incapable of attaining self-sufficiency in resources. This highlights the significant impact that obtaining essential external resources has on an organization’s competitive edge. Businesses have multiple challenges in obtaining the external resources necessary for innovation in a fiercely competitive market. Therefore, it is crucial for firms to recognize the advantages of aligning with the preferences of external stakeholders while acquiring external resources (Fleurbaey and Ponthière, 2023). According to the stakeholder hypothesis, the market value of a firm is primarily determined by its ability to fulfill the needs and expectations of stakeholders (Freeman, 2010). The fundamental principle of this theory states that, during the course of development and advancement, a corporation should give priority not just to the interests of shareholders but also make a concerted effort to fully address the needs of all stakeholders. This enables the firm to acquire external resources and strengthen its competitive advantage.
The introduction and utilization of emerging technologies such as big data, cloud computing, and artificial intelligence have significantly influenced the traditional company development model. Researchers have initiated an examination of the impact of digital transformation on aiding organizations in surmounting developmental challenges. Research has substantiated the positive impacts of digital transformation on the performance of relationships (Nasiri et al., 2020), the ability to absorb new knowledge (Zhuo and Chen, 2023), and the promotion of sustainable development in businesses (Yang and Shen, 2023). Simultaneously, certain experts have already discovered that digital transformation appears to have a beneficial impact on aiding businesses in overcoming limitations in resources. In their study, Cui and Wang (2023) discovered that digital transformation has the potential to mitigate operational risks and alleviate financial constraints, hence assisting in the resolution of financial difficulties. Li et al. (2023) verified that digital transformation can mitigate financial constraints and enhance the workforce composition in businesses. According to Wang et al. (2022), digital transformation has a beneficial impact on mitigating financial constraints and mitigating the adverse influence of bank concentration on business innovation. Hence, this article aims to examine the influence of digital transformation on the green innovation of firms from the standpoint of resource acquisition.
The level of green innovation in firms is contingent upon their capacity to efficiently handle and evaluate substantial quantities of information across the entirety of the production process (Barbieri et al., 2020). Digital technology has the ability to augment the internal information processing capability of businesses. Integrating digital technology into the green innovation process can greatly enhance the efficiency of resource utilization both within and outside of organizations (Li et al., 2021). The various avenues via which information is acquired simultaneously result in significant discrepancies in information among stakeholders in companies, hence amplifying investment risks and hindering enterprises from securing external investment (Akerlof, 1995). Digitization can mitigate information asymmetry between firms and external investors and lessen financial constraints by enhancing their abilities to gather, analyze, and communicate information (Kong et al., 2022). Moreover, the notion of digital human capital posits that digital transformation can effectively enhance employee engagement, optimize labor training outcomes, enhance staff proficiency, and have positive impacts on corporate human capital (Campanella et al., 2023). Consequently, this paper presents the following hypothesis:
Hypothesis 1: Digital transformation positively affects firms’ green innovation capabilities.
2.1.2 The mediating effects of ESG level
The inception of the ESG concept can be traced back to 1992, when the United Nations Environment Programme Financial Initiative (UNEP FI) suggested that businesses should comprehensively consider environmental, social responsibility, and corporate governance (ESG) factors when making investment decisions (Cadman, 2012). This suggestion initiated in-depth deliberations on environmental, social, and governance (ESG) issues within organizations. From the perspective of stakeholder theory, companies that prioritize environmental, social, and governance (ESG) factors attract a wider range of investors. This reduces investment risks and greatly enhances the organization’s capacity to obtain external resources for promoting environmentally friendly innovations (Zhai et al., 2022). Research has demonstrated that digital technology can assist businesses in consistently adjusting and adhering to ESG standards during the entire development process (Wang H. et al., 2023). This essay examines the possible function of the corporate Environmental, Social, and Governance (ESG) level as an intermediary between digital transformation and green innovation, drawing on the aforementioned study.
The implementation of digital transformation has the capacity to enhance the environmental, social, and governance (ESG) performance of businesses through multiple avenues. Implementing digital transformation can enhance resource allocation and data analytics skills, enabling organizations to efficiently control pollution emissions, minimize energy usage, and deter opportunistic actions such as environmental infractions and deceptive practices related to environmental, social, and governance (ESG) issues through transparent information sharing (Sun Z. et al., 2023). Consequently, this results in enhanced company environmental performance. Moreover, digital transformation tools can assist companies in cultivating the confidence of stakeholders, broadening their avenues for gathering information, and creating collaborative relationships through the exchange of developmental data. Consequently, this enhances the total social performance of the business (Ang et al., 2022). Ultimately, the utilization of digital technology has a positive impact on the performance of corporate governance as it enables companies to reduce production expenses and enhance their financial performance (Wang Y. et al., 2023). It is important to mention that ESG levels can, to some extent, serve as an indication of a company’s financial performance and operational skills. External stakeholders are increasingly viewing them as a crucial determinant for evaluating a company’s operational capabilities, forecasting future profitability, and evaluating credit risk (Chen S. et al., 2023). Enterprises with high environmental, social, and governance (ESG) standards are more likely to attract investor interest, allowing external capital to be injected into the enterprise’s development process. Accordingly, this paper puts forward the following hypothesis:
Hypothesis 2: Digital transformation facilitates corporate green innovation by improving corporate ESG levels.
2.1.3 The moderating role of environmental information transparency
We agree with Schnackenberg and Tomlinson (2016) that transparency is essential for establishing trust in organizations. From this standpoint, the market value of a firm is contingent upon the perception it cultivates among external stakeholders through the utilization of information transparency (BALAKRISHNAN et al., 2014). Environmental information transparency pertains to the extent to which a company willingly discloses its environmental data. This showcases the company’s efforts in the field of environmental sustainability (Li et al., 2022b). With the growing focus of the public on sustainable development, companies are realizing that environmental responsibility is essential for improving their intrinsic worth and acquiring resources. Companies with a strong degree of information openness can efficiently utilize digital technologies to convey eco-friendly information. This enables them to showcase their dedication to environmental preservation, cultivate a favorable corporate reputation, mitigate disparities in information, foster confidence with external parties, and facilitate the acquisition of external resources for the firm (Courtney et al., 2017). This paper puts forward the following hypothesis:
Hypothesis 3: Corporate environmental transparency positively moderates the impact of digital transformation on green innovation.
2.1.4 The moderating role of government-business relations
Green innovation is undeniably influenced by its external policy environment. The government, acting as both a market regulator and a significant external stakeholder in enterprises, can promote enterprise green innovation through encouragement and regulation. Stronger government relationships facilitate enterprises in obtaining policy support and inclination. This leads to enhanced information sharing and collaborative innovation between the government and enterprises. Consequently, enterprises can share innovation risks and strengthen the impact of digital transformation on their innovation capabilities (Luo et al., 2023). Moreover, Porter’s hypothesis posits that a specific level of environmental control can stimulate the advancement of technology within companies (Li B. et al., 2022). Research has demonstrated that implementing more stringent government regulations can bolster the capacity for digital transformation and mitigate the influence of regional disparities on enterprises’ resource limitations (Li et al., 2022c). Hence, this paper puts forward the following hypothesis:
Hypothesis 4: Government-Business Relationships Positively Regulate the Impact of Digital Transformation on Green Innovation.
2.2 Theoretical framework
From a resource acquisition standpoint, companies may possess some of the requisite resources for innovation, but the absence of crucial resources might impede the innovation process. Typically, external stakeholders, such as investors, government organizations, and customers, are responsible for managing these vital resources. Acquiring green innovation resources for enterprises can be viewed as a means to meet stakeholder demands and facilitate the influx of external resources for firm expansion. Stakeholders have shown a growing inclination to allocate their resources towards sustainable development in recent years (Zhang and Zhu, 2019). This creates an opportunity for companies to utilize digital technology tools to disseminate their environmentally friendly development information and acquire innovative resources. Previous studies have verified that digital transformation helps businesses foster amicable relationships with external stakeholders, facilitating connections and collaboration between enterprises and external stakeholders, and the positive influence of external stakeholder pressure on environmentally conscious innovation in enterprises (Li et al., 2021; Singh et al., 2022). This study investigates the potential influence of digital transformation on environmentally friendly innovation in companies by integrating resource dependence theory with stakeholder theory.
The study framework depicted in Figure 3 illustrates the correlation between the digital transformation of organizations and their capacity for green innovation. This framework is constructed around the four hypotheses put forward in this scholarly article. Digital transformation has the potential to impact the green innovation capabilities of enterprises in terms of both the quantity and quality of green innovation (H1). The level of environmental, social, and governance (ESG) within enterprises acts as a mediator in this process (H2). Moreover, the transparency of environmental information within enterprises (H3) and the character of the relationship between the government and enterprises (H4) play a moderating role in this process.
[image: Figure 3]FIGURE 3 | Conceptual framework.
3 METHODOLOGY
3.1 Samples and data
The issuance of the Green Credit Guidelines by the China Banking Regulatory Commission in 2012 heightened government support for green projects, improving the driving force of green innovation in enterprises (Tan et al., 2022). Consequently, considering the availability of data, we will use Chinese A-share listed companies from 2012 to 2022 as the research sample for analysis. In order to minimize the potential influence of extreme values, the initial samples undergo the following processing steps: First and foremost, it is advised to eliminate all samples that come from the financial industry. Furthermore, it is necessary to exclude samples that display financial irregularities, such as a sequential loss (ST) classification or a suspended listing (PT) classification. Furthermore, it is imperative to remove samples that have missing values for crucial variables. Finally, samples with values recorded before 2012 should be excluded from the dataset. To minimize the effect of extreme values, we apply winsorization to all numerical variables at the 1% and 99% percentiles. Upon the conclusion of the processing, a grand total of 28,448 annual observation reports were acquired for 4,409 listed enterprises.
This article utilizes several data sources to support the research perspective. The China Economic and Financial Research Database (CSMAR) delivers financial data and environmental information disclosure data for listed firms. Additionally, the China Research Database (CNRDS) provides information on the digital transformation of enterprises and green patents. Furthermore, the Huazheng ESG rating data is utilized to determine the ESG level of companies.
3.2 Variables
3.2.1 Green innovation (GI)
The explanatory variable examined in this study is enterprise green innovation. Many previous studies have categorized corporate green innovation into various forms, including green process innovation and green product innovation. However, green patents are widely regarded as the most prevalent and acknowledged indicator of green innovation, primarily because Chinese companies face challenges in obtaining green product labels (Brunnermeier and Cohen, 2003). In order to overcome the lack of accuracy in previous studies when measuring the capability of enterprise green innovation, the concept of green innovation capability is divided into two dimensions: green innovation number (GIN) and green innovation quality (GIQ), which include both quantitative and qualitative aspects. Studies have indicated that a company’s level of green innovation can be evaluated by counting the number of green patent applications, and the number of green patent citations can be used to gauge the quality of a green invention (Xu R. et al., 2023). As a result, this paper measures the volume and caliber of green innovation in businesses using this methodology.
3.2.2 Digital transformation (DT)
The inclusion of keywords in a company’s annual reports can serve as an indicator of the company’s strategic attributes and future prospects. This practice can effectively reveal the company’s corporate philosophy and trajectory of growth (Guo et al., 2023). Prior research has presented ample data to demonstrate the viability of utilizing the frequency of digital transformation keywords as a metric for assessing digital transformation via text analysis (Zhou and Li, 2023). Thus, based on previous studies, we initially compiled the research findings and important terms related to the digital economy. Subsequently, we created a comprehensive dictionary of keywords pertaining to digital transformation. Furthermore, we acquired the frequency of digital transformation terms by doing text analysis on significant phrases and keywords found in the annual reports of publicly traded corporations. Subsequently, we applied the natural logarithm to this data in order to assess the level of digital transformation within these enterprises.
3.2.3 Intermediary variable
The Huazheng ESG Ratings have garnered substantial recognition for evaluating environmental, social, and governance (ESG) issues in the Chinese market. This grading system has been devised by integrating knowledge from current ESG frameworks in international jurisdictions and customizing it to suit the distinctive attributes of the Chinese market (Lu et al., 2023). The Huazheng ESG rating system is particularly notable for its robust alignment with the Chinese market, comprehensive coverage, and prompt evaluation capabilities. The study employed a hierarchical three-tier rating system, encompassing ratings that spanned from low to high. The ratings are denoted by the letters C, CC, AAA, and so forth. A company’s ESG level is determined by assigning a numerical value ranging from 1 to 9, which corresponds to its ESG grade. This article employs the rating method developed by Xu et al. (2023) to assess the ESG level of organizations.
3.2.4 Moderator variable
Transparency of environmental information. Environmental disclosure information is a vital element for stakeholders to evaluate the degree to which a firm meets its environmental obligations. It functions as a gauge of the endeavors undertaken by corporations in the realm of environmental conservation (Su et al., 2022). Thus, this study utilizes the quality of corporate environmental information disclosure as a measure to assess the transparency of said information. A higher value on this indicator indicates a higher degree of transparency in the disclosure of corporate environmental information. This report employs existing research to construct an assessment system for evaluating the caliber of enterprise environmental information disclosure (Zhang et al., 2022). The system consists of thirty indicators that are divided into five aspects: environmental information disclosure, environmental management disclosure, environmental certification disclosure, environmental liability disclosure, and environmental governance disclosure. Utilizing the scoring methodology developed by Yang et al. (2023), the system categorizes enterprise environmental disclosure information into two distinct types: monetized information and non-monetized information. Monetized information is categorized based on disclosure levels. Non-disclosure is assigned a value of 0, qualitative disclosure is assigned a value of 1, and combined qualitative and quantitative disclosure is assigned a value of 2. Within the realm of non-monetary data, disclosure information is assigned a value of 1 point, while any other form of information is assigned a value of 0 points. Afterwards, the evaluation index system is utilized to combine and apply a logarithmic transformation to the scores allocated to each evaluation index, leading to the determination of corporate environmental information transparency (Eidq).
Relations between the government and businesses. Zhang et al. (2023) contend that the degree of government subsidies received by enterprises can serve as an effective gauge of the level of closeness between the government and such enterprises, hence indicating the strength of government-enterprise interactions. Thus, this article employs standardized government subsidies as a metric to assess government-business ties, with higher values indicating stronger relationships between the enterprise and the government.
3.2.5 Control variables
To ensure accuracy, it is important to manage the corporate characteristic elements that could potentially influence green innovation, as indicated by prior research (Lin and Ma, 2022). The control variables in this study encompass firm size (Size) and firm age (Age) (Xu A. et al., 2023). Financial considerations are further considered by controlling for variables such as the gearing ratio (Lev), return on assets (ROA), total asset turnover (ATO), and fixed assets (Fix) (Tan and Zhu, 2022). In addition, factors such as equity concentration (LSR), firm growth (Growth), and the number of independent directors (Index), among others, are taken into account (Xu et al., 2021; Shaheen and Luo, 2023). The model incorporates individual fixed effects (Firm), industry fixed effects (Ind), and time fixed effects (Year). Table 1 presents the definitions and descriptions of individual variables.
TABLE 1 | Variables and explanations.
[image: Table 1]3.3 Model setting
3.3.1 Benchmark model
The article used a limited set of data over a short period of time for the study and applied a fixed effects model for regression analysis. To limit the impact of unobservable factors on the association between digital transformation and green innovation skills, we can incorporate year-fixed effects, industry-fixed effects, and firm-fixed effects into this model (Zhang and Chen, 2023). This methodology enables us to precisely quantify the significant correlation between the independent variable, digital transformation, and the dependent variable, green innovation capabilities. Based on the previous analysis and definitions of variables, we will utilize model (Eq. 1) to investigate Hypothesis 1.
[image: image]
Eq. 1 introduces the dependent variable [image: image], which represents the quantity and quality of green innovation at firm i in year t. The explanatory variable [image: image] reflects the level of digital transformation of enterprise i in year t. The term “Controls” encompasses a set of control variables. The constant term [image: image] is included, and [image: image] represents the randomized disturbance terms. Additionally, this study accounts for year-fixed effects (Year), industry-fixed effects (Ind), and firm-fixed effects (Firm).
3.3.2 Mediating effects model
To examine the role of ESG as a mediator between digital transformation and corporate green innovation in hypothesis H2, we will draw upon the research conducted by Baron and Kenny (1986). A mediating effect model is developed based on model (Eq. 1) using the step-by-step procedure, as illustrated below: Model (Eq. 2) demonstrates the correlation between the level of ESG and digital transformation, while Model (Eq. 3) shows that, when controlling for digital transformation, the impact of ESG on green innovation can be determined by the significance of [image: image], [image: image], and [image: image]. If these coefficients are significant, it suggests the presence of a partial mediation effect. Conversely, if [image: image] is not significant but [image: image] and [image: image] are, it indicates a full mediation effect.
[image: image]
[image: image]
Where [image: image] is the ESG level of firm i in year t. The interpretations of the remaining variables align with the specifications of model (Eq. 1).
3.3.3 Moderating effect model
To examine the moderating impacts of corporate environmental information transparency and government-enterprise relations on H3 and H4, two additional models Eqs 4, 5 were constructed based on the fundamental regression model (Eq. 1), as described in Hao et al. (2023) research.
[image: image]
[image: image]
Let e [image: image]_it represent the level of environmental information transparency for enterprise i in year t, and [image: image] represent the degree of government-enterprise relationship for enterprise i in year t. Models Eqs 4, 5 incorporate the interaction terms between digital transformation and the transparency of environmental information of enterprises ([image: image]) and digital transformation and the relationship between government and enterprises ([image: image]), while the remaining variables retain the same definitions as in model (Eq. 1).
3.4 Research design
As the aforementioned analysis suggests, this study uses the fixed effect model to investigate the relationship between corporate green innovation and digital transformation. Firstly, this study establishes the usability of the research data by performing Fisher’s unit root test and VIF test. It then proceeds to verify the association between digital transformation and corporate green innovation through regression analysis. A mediation test model is created to verify the hypothesis that the ESG level of enterprises may act as a mediator in the process, using the basic regression model as a basis. Furthermore, the examination of previous research indicates that the transparency of corporate environmental information and the relationship between government and enterprises may also exert influence. Therefore, a moderating effect model is constructed to assess this impact, building upon the foundation of the basic regression model. Ultimately, this study is carried out by substituting the central variables, doing tests for endogeneity, and performing placebo tests to confirm the reliability and strength of the results presented in this research.
4 RESULTS
4.1 Descriptive results
The descriptive statistical findings for the major variables are presented in Table 2. The sample of listed enterprises was analyzed, and it was found that the highest values for both the quantity and quality of green innovation were 4.007 and 4.394, respectively. Simultaneously, the minimum observed values were 0, with the median value similarly being 0. The standard deviations for the two variables are 0.830 and 0.934, respectively. By the end of 2022, only a small number of organizations will have adopted green innovation, and there will be significant differences in the scale and quality of these projects across different firms. Nevertheless, an examination of the digitalization of businesses indicates that the lower quartile of the listed companies in the sample is 2.197, indicating that most organizations have commenced the process of digital transformation. However, the computed average of 3.079 is accompanied by a standard deviation of 1.260. This indicates that there are significant differences in the extent of digital transformation among different publicly listed firms, highlighting substantial hierarchical inequities.
TABLE 2 | Descriptive statistics.
[image: Table 2]Figure 4 illustrates the descriptive distribution of firms’ green innovation capability, while Figure 5 shows the descriptive distribution of their digital transformation scores. Figure 4 reveals that a limited number of enterprises have engaged in green innovation activities. The majority of these enterprises possess a green innovation capability, measured in terms of quality or quantity of innovation, that falls within the range of 0–1 points (GIN = 81.32%; GIQ = 77.80%) and 1–2 points (GIN = 11.6%; GIQ = 12.77%). This indicates that the current green innovation capability of Chinese enterprises is deficient and requires further enhancement in the future. Figure 5 shows that nearly all listed companies in China are participating in the digital transformation process. The majority of these companies have digital transformation scores ranging from 2 to 3 (27.95%) to 3–4 (28.51%), with the highest score being 6.129. This suggests that most listed companies in China are currently undergoing digital transformation and have already made some progress. These findings align with the descriptive statistics presented in Table 2.
[image: Figure 4]FIGURE 4 | Green innovation score distribution.
[image: Figure 5]FIGURE 5 | Digital transformation score distribution.
Figure 6 depicts the extent of green innovation capability across several industries. The industry of ecological protection and environmental governance has achieved remarkable success in terms of both the quality and quantity of green innovation. This sector is committed to the preservation of the environment and the management of ecological resources, in accordance with the fundamental tenets of sustainable innovation. Another area worth considering is the field of scientific research and technological services. This industry is dedicated to creating value for organizations through the utilization of scientific knowledge and technological breakthroughs. Green innovation, a type of technological advancement, has garnered significant interest within this sector. Industries with substantial environmental footprints, such as building, mining, manufacturing, and others, have achieved varying levels of high rankings in terms of their need for urgent green innovation. In addition, sectors such as social services, hotel, and food demonstrate a limited ability to engage in environmentally friendly innovation. This is likely because policy attention largely focuses on firms that are directly engaged in and have a substantial impact on green development. As a result, there is a lack of motivation to encourage green innovation in other industries.
[image: Figure 6]FIGURE 6 | Average green innovation score distribution by industry.
4.2 Data stationarity test
In order to prevent the development of pseudo-regression and maintain the accuracy of the regression results, this study first evaluates the reliability of the sample data. The current study utilizes unbalanced panel data and conducts Fisher’s unit root test to evaluate the stationarity of the sample data. Based on the data shown in Table 3, the statistical values related to the main variables offer enough evidence to reject the first hypothesis suggesting the existence of a unit root across panels. The p-values of 0.000 for all variables indicate that the sample data studied in this study do not display a unit root and can be deemed stable. In addition, the mean variance inflation factor (VIF) in this study is 1.22, which is lower than the threshold of 3. This indicates that there is no multicollinearity present among the variables.
TABLE 3 | Data stationarity test.
[image: Table 3]4.3 Regression results
The regression results presented in Table 4 demonstrate the impact of digital transformation on the quality and quantity of green innovation capabilities. Specifically, when controlling for industry and firm factors, it is observed that digital transformation has a positive and statistically significant effect on both the quality and quantity of green innovation capabilities at the 1% level in columns (1) and (2). Similarly, when controlling for year and firm factors, columns (3) and (4) reveal that digital transformation significantly and positively influences both the quantity and quality of green innovations at the 1% level. Furthermore, when considering the combined effects of year, industry, and firm factors, columns (5) and (6) indicate that the digital transformation of firms continues to have a significant and positive impact on both the quantity ([image: image]) and quality ([image: image]) of green innovations at the 1% level. Table 4 demonstrates a statistically significant positive correlation between enterprise digital transformation and its innovation capability, whether or not accounting for year and industry effects. The findings of this study provide evidence supporting the positive influence of enterprise digital transformation on green innovation capability. Furthermore, the regression findings indicate a statistically significant and positive relationship between business size and its potential for green innovation at a significance level of 1%. This finding aligns with the research conducted by Zhou et al. (2021).
TABLE 4 | Baseline regression results.
[image: Table 4]4.4 Mechanisms for intermediary effects
Subsequently, we investigated the role of firms’ ESG levels as a mediator and assessed the existence of a “digital transformation-ESG level-green innovation” pathway. The data displayed in Table 5 depicts the regression analysis carried out to investigate the mediating influence of enterprise ESG level on the connection between digital transformation and green innovation capability. The regression coefficient ([image: image] = 0.046) in column (1) of the table demonstrates a statistically significant positive correlation between digital transformation and enterprise ESG level, with a significance level of 1%. Moreover, columns (2) and (3) of the table offer valuable information regarding the impact of enterprise ESG level on both the quantity and quality of green innovation, respectively. The regression results (γ = 0.023 and 0.024) suggest a statistically significant beneficial influence of enterprise ESG level on both the number and quality of green innovation. The study has successfully supported Hypothesis 2, demonstrating that the impact of digital transformation on green innovation is partially mediated by the ESG level.
TABLE 5 | Regression results for mediating mechanisms.
[image: Table 5]4.5 Moderating effects test
4.5.1 The moderating role of environmental information transparency
The regression results, presented in columns (1)–(2) of Table 6, demonstrate that the coefficients of the interaction term (DT*Eidq) between digital transformation of enterprises and environmental information transparency have a significant positive impact on both the quantity and quality of green innovations. Specifically, the coefficients are found to be 0.044 and 0.047, respectively, and are statistically significant at the 1% level. These findings suggest that the positive influence of digital transformation on firms’ green innovation capability is more pronounced in firms that exhibit a higher quality of environmental information disclosure. As a result, Hypothesis 3 is confirmed.
TABLE 6 | Regression results for moderating effects.
[image: Table 6]4.5.2 The moderating role of government-business relations
The regression results presented in columns (3)–(4) of Table 6 indicate that the regression coefficients of the interaction term (DT*Sub) between the enterprise’s digital transformation and the government relationship have significant positive effects on both the quantity and quality of green innovation. Specifically, the coefficient for the quantity of green innovation is 3.905, while the coefficient for the quality of green innovation is 3.314. These coefficients are statistically significant at the 1% level. These findings suggest that the relationship between the government and the enterprise plays a positive moderating role in the impact of digital transformation on green innovation. This supports Hypothesis 4.
4.6 Robustness tests
4.6.1 Alternative core variables
During the robustness test phase, the quantification of green innovation (GIN_1) is established by tallying the quantity of green patents that have been awarded to companies, The assessment of the quality of green innovation (GIQ_1) is based on the quantity of green invention patents, as assessed by Lin and Ma (2022) study. Furthermore, several studies indicate that the Executive Discussion and Analysis (MD&A) section of a company’s annual report is the predominant section that provides the most precise depiction of a company’s present advancement and future strategies (Fang et al., 2023). Hence, in the phase of robustness testing, this article utilizes this part to assess the extent of digital transformation within organizations. To evaluate the strength of the mediating influence, we utilized a logarithmic transformation on the Bloomberg ESG score, which ranges from 0 to 100 points, to gauge the company’s ESG level, as recommended by Husted and Sousa (2019). This approach was adopted to tackle the previous challenges related to accurately measuring ESG levels. The regression results are presented in Table 7 below. The regression results obtained by replacing the core variables show consistency with the initial base regression, thereby validating the reliability of the regression findings in this study.
TABLE 7 | Regression results for replacing core variables.
[image: Table 7]4.6.2 Lag test for independent variables
To mitigate endogeneity concerns stemming from omitted variables and reverse causation, it is important to consider that organizations with greater levels of green innovation may have a stronger inclination to employ digital tools in order to enhance their environmental performance and communicate green information. This work utilizes the research completed by Sun et al. (2023b) and conducts regressions on digital transformation with a lag of one period (L1. DT) and two periods (L2. DT), respectively. The findings suggest that, to some extent addressing the issue of endogeneity, digital transformation can still have a substantial positive impact on both the quantity and quality aspects of business green innovation capabilities. Furthermore, this work utilizes the research completed by Wu et al. (2022a) and adopts the instrumental variable approach (LV-GMM) to evaluate endogeneity. The delay in implementing digital transformation by one period (L1. DT) and two periods (L2. DT) is used as a tool to measure and address the potential influence of endogeneity in digital transformation (DT). The findings showed that the LM statistical value was 984.97, which was statistically significant at the 1% level and passed the instrumental variable non-identification test. The Wald F-value of 632.54 surpassed the 10% criterion of 19.93, indicating that the weak instrumental variable validity test was passed. In addition, the Sargan-Hansen statistical value of 0.233 suggests that there is no evidence to reject the hypothesis that all instrumental factors are exogenous. The outcomes of the three tests provide evidence of the efficacy of the instrumental variables used in this article. After addressing the problem of endogeneity, the results shown in Table 8 are consistent with the benchmark regression findings. Digital transformation may greatly improve both the amount and quality of green innovation in businesses, thereby confirming the effectiveness of the research findings presented in this article.
TABLE 8 | Lag test for digital transformation.
[image: Table 8]4.6.3 Placebo test
To ensure that the observed effects of enterprise digital transformation on green innovation capacity are not influenced by extraneous factors, this study employs a placebo test, as described by Zhang and Chen (2023). The outcomes of this analysis are presented in Figure 7. Based on the obtained test results, it is evident that the estimated coefficients of the randomly sampled samples exhibit a distribution that closely resembles a normal distribution with a mean of 0. These coefficients are comparatively smaller than the baseline regression coefficients. Furthermore, a majority of the coefficients possess p-values exceeding 0.10, indicating a lack of statistical significance at the 10% level. Hence, the test outcomes effectively eliminate the potential influence of unobservable variables on the relationship between enterprise digital transformation and green innovation capacity, thereby affirming the robustness and credibility of the findings presented in this research.
[image: Figure 7]FIGURE 7 | Placebo test. (A) DT→GIN. (B) DT→GIQ. (C) DT→GIN_1. (D) DT→GIQ_1.
5 DISCUSSION AND IMPLICATION
5.1 Discussion
This study integrates digital transformation into the research framework of enterprise green innovation. Drawing on resource dependence theory and stakeholder theory, it conducts a comprehensive analysis of the influence of digital transformation on enterprise green innovation. Research has shown that companies that have achieved higher degrees of digital transformation also demonstrate stronger quantities and qualities of green innovation. The research findings validate that digital transformation has a substantial positive impact on green innovation within firms. The findings of this study provide support for Hypothesis 1, aligning with the research undertaken by Liu et al. (2023). Hao et al. (2023) argue that the digital economy hinders technical progress in manufacturing, particularly in relation to the analysis of green total factor productivity decomposition. Nevertheless, this essay emphasizes how digital transformation positively influences organizations’ ability to acquire resources and enhance their green innovation capabilities. The discrepancy can be attributed to differences in research perspectives and industries. Furthermore, our research indicates that digital transformation can indirectly enhance corporate green innovation by improving environmental, social, and governance (ESG) levels. Referring to existing research, this may be due to the positive impact of digital transformation on environmental performance, social performance, and organizational governance, ultimately leading to improved corporate ESG levels. Meanwhile, higher levels of ESG practices have the potential to alleviate financial constraints and increase management’s environmental awareness (Li J. et al., 2023; Yang and Han, 2023). This article investigates the influence of corporate environmental information transparency and government-enterprise relations on the connection between the effects of digital transformation and corporate green innovation. Additionally, the results indicate that the positive impact of digital transformation on firms’ ability to innovate in environmentally friendly ways is stronger in firms that have higher levels of transparency in sharing environmental information. This could be because these organizations are more adept at utilizing digital platforms to promote their green initiatives and attract external resources and support (Ding et al., 2022). Simultaneously, the symbiotic connection between the government and businesses can bolster the influence of digital transformation in augmenting the capacity for green innovation. Utilizing digital tools to establish a positive reputation and facilitate the exchange of information with the government can assist firms in securing policy support and financial subsidies, thereby expediting their green innovation endeavors (Luo et al., 2023).
5.2 Theoretical implications
This work presents three novel contributions to existing theoretical knowledge. Prior research has predominantly concentrated on the advantages of digital transformation for sustainability in China, taking into account the restricted accessibility of green innovation resources and the swift progress of digital developments. The advantages encompass minimizing resource use, strengthening pollution control, and optimizing resource utilization efficiency. Nevertheless, the overlooked advantages of digital transformation in enabling companies to access external resources for long-term growth have been common. Simultaneously, existing research on the impact of digital transformation on firms’ innovation has yielded inconclusive findings. Some studies indicate that digital transformation may have an adverse effect on firms’ financial performance and does not facilitate creativity (Zhong and Ren, 2023). However, these studies struggle to elucidate why certain firms with a greater level of digital transformation possess more abundant innovation resources (Zhou and Li, 2023). This article is based on the theory of resource dependence and stakeholder theory. From the perspective of enterprise resource acquisition, the two theories complement each other, emphasizing the limited innovative resources of enterprises and the role of digital tools in promoting the acquisition of external resources. It demonstrates that digital transformation has a positive impact on improving a company’s ability to innovate in environmentally friendly ways. This finding contributes to the existing research on the factors that influence corporate green innovation and adds to our understanding of how digital transformation affects green innovation.
Furthermore, organizations gain greater legitimacy when their structures and behaviors align with social norms and principles (Suchman, 1995). By adhering to various norms, standards, and values, these organizations are able to meet the expectations of important resource providers, thus alleviating their resource constraints (Fisher et al., 2016). The provision of government subsidies to encourage innovation in businesses has unintentionally resulted in certain entities exploiting green innovation for fraudulent purposes, such as making false claims for subsidies (Zhang et al., 2023). This has given rise to a phenomenon known as “greenwashing” or “green patent bubbles,” which ultimately diminishes the credibility and impact of the number of green patents held by businesses (Xia et al., 2023). Hence, enhancing the accuracy of measuring green innovation is crucial. This research categorizes corporate green innovation into two aspects: the quantity of green innovation and the quality of green innovation. This approach addresses the limitations of the conventional assessment of green innovation and enhances the reliability of the study’s findings.
This report thoroughly examines the underlying mechanisms involved in the influence of digital transformation on corporate green innovation. The idea of information asymmetry posits that the disparity in information between firms and external investors is a significant factor contributing to the challenges faced by enterprises in obtaining external resources (Dye, 2001). The implementation of digital transformation can expedite the dissemination of environmental, social, and governance (ESG) information, thereby significantly enhancing the credibility and authenticity of businesses (Drempetic et al., 2020). Meanwhile, ESG levels are increasingly becoming a crucial factor influencing investor investment decisions. A higher ESG score can enhance investors’ confidence in the company for investment (Jin et al., 2024). Hence, this paper posits the hypothesis that the level of environmental, social, and governance (ESG) factors partially mediates the relationship between digital transformation and green innovation, specifically in terms of resource acquisition. It also establishes the causal pathway of “digital transformation-ESG level-green innovation” and provides empirical evidence to support the validity of this hypothesis. Additional investigation reveals that digital transformation can enhance the internal control of businesses, enhance the level of information disclosure, and assist businesses in establishing a market image (Wu K. et al., 2022). Therefore, this study examines the moderating effects of environmental information transparency and government-enterprise relationships on the influence of digital transformation on businesses’ green innovation. The findings indicate that higher environmental information transparency and a stronger government-enterprise relationship can amplify the positive impact of digital transformation on businesses’ green innovation. This study elucidated the underlying process by which digital transformation affects green innovation in firms, focusing on the acquisition of resources.
5.3 Practical implications
The findings of our study establish a theoretical framework that may inform many parties involved in digital transformation, including company executives, governmental entities, regulatory bodies, and consumers. Companies can enhance their green innovation capabilities and achieve dual advantages in terms of environmental and financial performance by actively investing in technologies such as artificial intelligence, information technology, and blockchain. These technologies not only contribute to increased productivity and cost reduction, leading to improved economic performance, but also facilitate the adoption of sustainable practices and environmental stewardship.
Businesses should be strongly encouraged by the government to undergo digital transformation, since this can boost their capacity for green innovation while also increasing production efficiency. In addition, this research demonstrates the favorable regulatory function of government-business partnerships in supporting green innovation in digital transformation. By enacting policies like innovation subsidies or regulatory fines, the government can fortify its relationship with businesses, hasten the process of digital transformation within businesses, and promote green innovation within businesses.
Regulatory bodies should proactively establish a comprehensive repository of corporate environmental data and enhance the accessibility and clarity of such information. According to research findings, the implementation of digital transformation has the potential to facilitate green innovation and enhance the environmental, social, and governance (ESG) performance of enterprises. Consequently, it is advisable for regulatory bodies to include the degree of digital transformation within their oversight purview. This approach would enable the simultaneous achievement of the dual objectives of environmental preservation and economic development.
The increased prevalence of short videos, short messages, and social platforms has effectively fostered enhanced openness in corporate environmental disclosures. As a result, consumers now have the ability to access and comprehend corporate environmental governance measures through such information. Furthermore, the utilization of digital technology tools enables consumers to report and oppose instances of corporate environmental harm, as well as to promote and endorse environmentally responsible practices. Consequently, this fosters increased awareness regarding the importance of sustainable development within corporations, encourages independent green innovation, and helps consumers act as external monitors of corporate behavior.
5.4 Limitations and future studies
The study is subject to the following constraints: Firstly, this article solely focuses on the influence of digital transformation on green innovation within enterprises. Indeed, the combined impact of several elements might result in varying outcomes for green innovation during the process of digital transformation. As has been confirmed by scholars, in high-volatility market environments, the higher the degree of digital transformation, the lower the firm’s environmental performance (Li, 2022). Hence, future studies should thoroughly examine the influence of digital transformation on eco-friendly innovation in businesses across various internal and external contexts. Secondly, this article exclusively utilizes text analysis to assess the extent of enterprise digital transformation without taking into account enterprise digital assets. A future study can investigate diverse methodologies for quantifying digital transformation. Finally, the research scope of this article encompasses all industries, with the exception of the finance sector. The influence of digital transformation on green innovation may vary across different industries due to the differing demands for green innovation. Hence, forthcoming research endeavors can engage in focused deliberations pertaining to particular sectors.
6 CONCLUSION
Utilizing digital technology tools is essential for promoting environmentally friendly innovation in businesses. This article utilizes a dataset consisting of 4,409 publicly traded companies in China from 2012 to 2022 to investigate the impact of digital transformation on corporations’ capacity to innovate in environmentally sustainable manners. This article also examines whether there are variations in the impact of digital transformation on different types of green innovation. This study also investigates the role of ESG levels in mediating this process, as well as the moderation effect of disclosing corporate environmental information and government enterprise connections. The study found that: 1) Digital transformation has a noteworthy positive influence on the quantity and quality of green innovation capabilities in businesses. 2) The digital transformation of businesses can indirectly enhance their green innovation capabilities by enhancing their environmental, social, and governance (ESG) level, with the ESG level acting as a partial intermediary. 3) The transparency of corporate environmental information and the quality of government enterprise relationships can amplify the positive impact of digital transformation on the green innovation capability of businesses.
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