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This study explores the impacts of PEC on green technology innovation (GTI), which includes both independent green technology innovation (IGTI) and cooperative green technology innovation (CGTI). It also analyzes the threshold effects of green finance (GF) and information and communication technology (ICT) to unlock the growth potential of GTI. To achieve this, we employ a two-way fixed-effects model and a threshold-effects model, utilizing city panel data from the Yangtze River Delta region of China, covering the years 2011–2020. The results indicate that PEC has a positive effect on GTI, IGTI, and CGTI. However, its impact on CGTI is relatively weaker. These findings remain valid after several robustness tests. Heterogeneity analysis shows that PEC promotes IGTI in research organizations, yet it fails to do so in firms. PEC enhances CGTI within cities, but not between them. Additionally, PEC positively affects GTI only when GF and ICT surpass certain thresholds. The threshold effect of GF is limited to IGTI, whereas ICT’s threshold effect is more stringent in CGTI. Based on these conclusions, we provide insights on leveraging public concerns to promote the growth of green innovation and how governments can create a favorable external environment for this.
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1 INTRODUCTION
To mitigate the conflict between economic growth and environmental sustainability, countries globally are dedicated to green development. Especially for developing countries, economic development should not come at the expense of the environment (Meo et al., 2023). GTI merges “green” and “innovation” principles, targeting economic advantages of technological advances and ecological gains of clean production (Suki et al., 2022). Therefore, promoting GTI is vital for balancing economic growth and environmental protection. GTI can be divided into CGTI and IGTI. CGTI involves a collaborative innovation model that emphasizes resource complementarity, risk sharing, and mutual benefits (Li and Wang, 2022). Amid growing environmental sustainability pressures, this form of open green innovation is gaining more attention (Zor, 2023). IGTI is an independent innovation model that operates solely on the capabilities of the innovation subjects. IGTI offers unique competitive advantages and avoids the free-rider issues associated with CGTI (Nie et al., 2022). Therefore, both collaborative and independent innovation models are crucial for enhancing the green innovation capacity.
PEC reflects the public’s perception of environmental pollution and air quality (Ren and Ren, 2024) and serves as an informal type of environmental regulation (ER) (Wang L. et al., 2022). Environmental pollution negatively affects the health and longevity (Ebenstein et al., 2017; Shaari et al., 2021). Events such as extreme haze have significantly heightened public environmental concerns (Gu et al., 2021). Particularly with rapid economic growth and rising incomes, residents demand a higher quality of life and become more environmentally conscious. PEC pressure has become a key driver for innovation subjects to pursue green innovations. Therefore, under the pressure of PEC, exploring the growth space of GTI and release its growth potential hold significant practical value.
Environmental pollution in developing countries is more sensitive to changes in economic growth (Hassan et al., 2020). As the largest developing country, China is proposed by Fatima et al. (2021) to adopt green innovation to achieve a green transformation of its economy. China serves as a representative context for studying GTI to balance economic development and environmental sustainability. The Yangtze River Delta region, one of China’s economic centers, has residents with relatively high income, education, and cultural awareness. This results in greater environmental protection awareness and a stronger concern for environmental issues. In December 2020, China’s Ministry of Science and Technology released the Development Plan for the Construction of the Yangtze River Delta Science and Technology Innovation Community, highlighting the importance of collaboration to enhance independent innovation capabilities and promote open innovation. This indicates that the Yangtze River Delta has significant room for improvement in independent and open innovation. Therefore, using the region as a research sample can create a demonstration effect in China and provide value for other developing countries.
Existing studies emphasize PEC as an informal ER and examine the impact of heterogeneous ER on GTI. It is insufficient for a deeper exploration of GTI. In this study, we categorize GTI into IGTI and CGTI from the perspective of heterogeneous GTI to fully explore the growth potential of GTI under the pressure of PEC. There are several contributions: First, we reveal the heterogeneous effects of PEC on IGTI and CGTI. Second, we examine the heterogeneity of innovation subjects in IGTI and the heterogeneity of cooperation scope in CGTI to analyze the hindering factors faced by IGTI and CGTI under the pressure of PEC. Finally, we verify the threshold roles of GF and ICT, as well as the heterogeneity of these roles in IGTI and CGTI, aiming to explore effective ways to mitigate the impediments to GTI.
The structure of the remainder is as follows: Section 2 presents the literature review and research hypotheses. Section 3 introduces the data and methods. Section 4 analyzes the results. Section 5 discusses the results. Section 6 draws the conclusion and implications.
2 LITERATURE REVIEW AND RESEARCH HYPOTHESES
2.1 Literature review
PEC is a form of ER. The theoretical relationship between ER and GTI has be thoroughly discussed, leading to three perspectives: 1) Traditional neoclassical economics posits that, market players will engage in short-term behavior to accommodate ER. This process increases operating costs, resulting in a crowding-out effect on GTI (Petroni et al., 2019; Ramanathan et al., 2010). 2) The Porter hypothesis suggests that, contrary to traditional neoclassical economics, an appropriate level of ER can offset additional costs by promoting green technological change in firms and improving productivity and product quality (Berrone et al., 2013; Porter and Linde, 1995). 3) Other scholars have synthesized these two perspectives and argued that the relationship between PEC and GTI is nonlinear (Ouyang et al., 2020).
In empirical research, the relationship between PEC as voluntary or informal ER and GTI varies depending on the research sample. Some studies focus on the firm level. Liu et al. (2023) conclude that, using large industrial firms in China as their sample, voluntary ER has a U-shaped effect on GTI. In contrast, Wang L. et al. (2022) found that voluntary ER inhibited GTI when using listed companies as their sample. This may be because listed companies have strong information disclosure and adopt short-term governance behaviors to evade ER from the public or media, which crowds out green R&D inputs and inhibits GTI. Additionally, Li and Wang (2021) found that PEC encouraged green innovation behaviors in firms within the automotive industry. This may be because road transportation is one of the major contributors to CO2 emissions, drawing public attention to GTI in the automotive industry. Other studies focus on the regional level. Liu et al. (2022) find that, based on a linear relationship perspective and data from 285 cities in China, voluntary ER inhibit urban GTI, possibly because public concern for the environment is generally low in Chinese cities. However, Jiao et al. (2024) and Xiong and Gao (2023) conclude that PEC promotes GTI in the Yangtze River Economic Belt. This is because the region has advanced economic development, higher per capita income, and residents who pay more attention to environmental protection.
Additionally, GF and ICT actively contribute to GTI. Capital seeks profit, and due to the unique characteristics of GTI, it is challenging for innovators to secure financial support (Li et al., 2023; Ren et al., 2020). Under the GF policy, firms are allowed to issue green bonds to raise funds for enhancing GTI (Wang T. et al., 2022). For highly polluting firms, green innovation can enhance legitimacy and attract additional funding (Zhang et al., 2022). Lee et al. (2022) found that ICT fosters technology innovation in the renewable energy sector by improving human capital and increasing information disclosure. Wang et al. (2023) suggested that governments prioritize green growth by increasing investment in ICT.
In summary, the existing studies thoroughly discusses the theoretical relationship between ER, including PEC, and GTI, while also presenting various empirical case studies. Additionally, the positive roles of GF and ICT in GTI are widely recognized. However, existing studies have overlooked that under PEC pressure, innovators can choose between IGTI and CGTI when facing cost constraints. Examining the effect of PEC on different types of GTI, particularly IGTI and CGTI, can help further identify the growth potential of GTI. Additionally, including GF and ICT in the research framework of PEC and GTI will help further unleash the positive impact of PEC on GTI.
2.2 Research hypotheses
2.2.1 Public environmental concern and green technology innovation
GTI can only be effectively driven when PEC translates into active public participation. PEC typically leads to four forms of public participation. First, the public forms Environmental Non-Governmental Organizations. The organizations act as a third force that compensates for governmental and market failures, coordinate stakeholder interactions, and enhance public involvement in environmental governance (Wu et al., 2017). Second, the public directly negotiates with polluters or seeks judicial settlements. If negotiations fail, the public can seek help from the environment court, compelling polluters to increase environmental investments and GTI (Qi et al., 2023). Third, the public conveys environmental demands to higher government levels through open channels. A traditional method for public participation in environmental governance involves using open channels like letters and telegrams to seek help or apply pressure on the government, thereby expressing their environmental demands (Ren et al., 2018). Fourth, the public supports green products through market forces. Specifically, the public demonstrates a preference for green products by exercising stronger purchasing power in the commodity market and supporting environmentally friendly enterprises in the capital market (Ogiemwonyi et al., 2020; El Ouadghiri et al., 2021).
Once PEC evolves into public environmental participation, it influences GTI by affecting local governments and firms. Public environmental participation leads local governments to prioritize environmental governance. Recognizing the critical threat that environmental degradation poses to social and political stability, the Chinese government has prioritized environmental management (Liu et al., 2012). Meanwhile, many firms are actively engaging in green innovation behaviours to meet the public’s needs for the environment and thus gain public acceptance (Fu et al., 2022). Heavy polluters, in particular, mitigate the pressures of PEC by increasing their green investments (Gu et al., 2021). In conclusion, PEC effectively promotes GTI. Under PEC pressures, collaborating with other subjects in green technology projects is a beneficial way to share R&D costs, mitigate risks, access innovation resources and integrate varied knowledge (Van Beers and Zand, 2014; Hagedoorn et al., 2018). Meanwhile, some innovation subjects prefer to innovate independently in green technologies, as this avoids free-riding in the process of co-operation and maintains their unique competitive advantages (Wu et al., 2020; Nie et al., 2022).
Therefore, we propose three hypotheses:
H1a. PEC significantly promotes GTI.
H1b. PEC significantly promotes IGTI.
H1c. PEC significantly promotes CGTI.
2.2.2 Heterogeneity in green technology innovation
Different innovation subjects face different degrees of R&D cost constraints due to R&D costs. The primary categories of innovation subjects include firms and research organizations, the latter comprising universities, government-affiliated research institutions, and research institutions affiliated with large firms. GTI in firms focuses on commercialization and end-product development, aiming to maximize profits but facing significant R&D cost constraints. Conversely, GTI in research organizations concentrates on basic R&D and upstream innovation, primarily conducting publicly-funded research projects (Von Raesfeld et al., 2012; Popp, 2017). Given that large firms seek a long-term competitive edge through green innovation (Huang et al., 2021), their affiliated research organizations can obtain specialized financial support. In summary, research organizations hold an advantage over firms in R&D cost investment when implementing IGTI.
The scope of innovation cooperation is the core factor influencing the cooperation cost. Although CGTI is effective in improving environmental performance and meeting the public’s environmental needs (Zhao et al., 2023), it faces cooperation cost constraints. Similarity between innovation subjects, termed “proximity,” can lower cooperation costs. Geographical proximity is the primary factor influencing cooperation (Zhou and Li, 2023). Inter-city cooperative innovation may incur higher communication and cooperation costs due to a lack of overall proximity among innovation subjects. In contrast, intra-city cooperative innovation benefits from geographical proximity and similarities in economic, cultural, and policy dimensions.
Therefore, we propose two hypotheses:
H2a. PEC is more likely to promote IGTI in research organizations than in firms.
H2b. PEC is more likely to promote CGTI within cities than between cities.
2.2.3 The threshold effect of green finance and information and communication technology
GF can convert the pressure and motivation from PEC into actionable GTI activities. To promote green development, China has implemented policies on GF (Ge et al., 2022; Afshan et al., 2023). First, the GF project selection mechanism directs capital towards green projects, ensuring long-term funding for GTI that meets its developmental needs and enhances innovation quality and quantity (Wang and Wang, 2021; Liu and Xiong, 2022). Second, GF establishes threshold criteria that restrict borrowing for heavily polluting firms, potentially forcing them to enhance their environmental practices and thus promote GTI (Zhang et al., 2022). Therefore, high levels of GF may contribute to the effect of PEC on GTI. Compared to IGTI, CGTI faces fewer constraints from R&D costs. Consequently, the impact of GF varies between IGTI and CGTI.
ICT applications create new opportunities for PEC and GTI. The Internet, a key component of ICT, not only enhances public concern in environmental matters, but also facilitates effective public participation in environmental governance and crucial monitoring of government and corporate behaviors (Ngai et al., 2020; Kang et al., 2021). Additionally, ICT enhances the efficiency of internal operations and external cooperation within innovation subjects. First, ICT drives the digitization of social activities (Zhang and Wang, 2019), boosts internal operational efficiency (Parida et al., 2016), and fosters GTI (Wei and Sun, 2021). Second, ICT reduces communication costs and removes time and space barriers for information resources, thus enhancing cross-regional integration efficiency (Bernard et al., 2019). It also creates a vital environment for cross-regional collaboration in GTI. Therefore, high levels of ICT may contribute to the effect of PEC on GTI. Compared to IGTI, CGTI faces more significant limitations due to cooperation costs. Consequently, ICT’s impact varies between IGTI and CGTI.
Therefore, we propose two hypotheses:
H3a. GF exhibits a threshold effect between PEC and GTI, varying between IGTI and CGTI.
H3b. ICT exhibits a threshold effect between PEC and GTI, varying between IGTI and CGTI.
This paper establishes a theoretical framework based on the above analysis in Figure 1.
[image: Figure 1]FIGURE 1 | The theoretical framework.
3 DATA AND METHODS
This section outlines the data sources, quantifies indicators, and constructs regression models.
3.1 Data sources
The Yangtze River Delta Region encompasses Shanghai, Jiangsu, Zhejiang, and Anhui provinces, including 41 cities. The selected data consists of panel data from 41 cities, spanning from 2011 to 2020. Data characterizing PEC is sourced from the Baidu platform (https://www.baidu.com/). Data on GTI, represented by patents, is obtained from the State Intellectual Property Office of China’s advanced search platform (https://www.cnipa.gov.cn/). And data for the other variables is derived from the China Urban Statistical Yearbook, Statistical Bulletin, and government annual financial reports. Missing data were addressed using interpolation.
3.2 Variable definitions
3.2.1 Green technology innovation
Patents are commonly utilized as indicators of innovation in academic research (Lin and Ma, 2022; Wang, 2023). To ensure timeliness and authority, our process of screening and processing patents is as follows: First, select invention patents from three types of patents: utility model, design and invention. Second, choose invention patents that satisfy both timeliness and authority criteria. This study sets the patent application period from 1 January to 31 December of the respective year and the authorization period from 1 January of the application year to 31 May 2023. Third, identify green invention patents based on the WIPO’s 2010 green patent list. Fourth, match applicants and cities for green invention patents using the platforms Qichacha (https://www.qcc.com/) and Tianyancha (https://www.tianyancha.com/). Fifth, a city’s GTI, IGTI, and CGTI are measured using the following criteria: GTI is defined as the number of green invention patents held by the city; IGTI is the number of patents with a single applicant; and CGTI is the number of patents with two or more applicants.
Figure 2 illustrates the steps and details of the data processing.
[image: Figure 2]FIGURE 2 | The data processing steps for patents.
3.2.2 Public environmental concern
Baidu is the most popular search engine in China, and its web search data can reflect public concern about specific events in a timely manner. Existing literature frequently uses Baidu’s keyword search index to measure PEC (Ren and Ren, 2024). In this study, Baidu’s search index for the keywords “haze” and “environmental pollution” was utilized.
3.2.3 Threshold variables
The literature typically uses indicators like green credit, green securities, green insurance, and green investment to comprehensively measure GF in China, though primarily at the provincial level or higher (Ren et al., 2020; Wang and Wang, 2021; Ge et al., 2022). Given the available data and this study’s needs, we use the coupled coordination degree between green investment and financial development as a proxy for city-level GF. Specifically, we measure green investment using the ratio of energy-saving and environmental protection expenditures to total financial expenditures, and financial development by the ratio of loans to city deposits.
The literature commonly measures ICT based on Internet and telephone penetration rates (Lee et al., 2022). We select four indicators: the number of Internet broadband subscribers, mobile phone subscribers, the proportion of employees in the computer and software services sector, and per capita telecommunications service volume. We then use the entropy method to calculate a composite value.
3.2.4 Control variables
This study identifies control variables across four dimensions: economic development, industrial structure, educational support, and financial environment. 1) Economic Development (ECO): Measured by the deflated gross regional product (in tens of billions of yuan). 2) Industrial Structure (STR): Defined by the ratio of value added in the tertiary industry to that in the secondary industry. 3) Educational Support (EDU): Represented by deflated government education expenditure (in tens of billions of yuan). 4) Financial Environment (FIN): Calculated as the ratio of year-end loan balances at financial institutions to regional GDP.
Table 1 shows the variables used.
TABLE 1 | Variable description.
[image: Table 1]3.3 Model construction
To assess the effect of PEC on GTI, IGTI, and CGTI, we constructed a benchmark model based on related studies (Lee et al., 2022). This model included city and year dummy variables, which better address individual heterogeneity and time trends, while also reducing omitted variable bias and improving estimation accuracy. The benchmark model is presented in Equation 1.
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where [image: image] can denote GTI, IGTI, and CGTI, [image: image] denotes PEC, [image: image] denotes control variables, [image: image] denotes city-fixed effects, [image: image] denotes year-fixed effects, and [image: image] denotes a random error term. The multicollinearity test shows that the VIF for each variable and the mean VIF of the benchmark model are both well below 10, suggesting no significant multicollinearity issues. Hausman test results confirm that the fixed effect model is the appropriate.
To assess the threshold roles of GF and ICT, we constructed a threshold model based on related studies (Ge et al., 2024). The benchmark model helps us assess the average impact of PEC on GTI while overlooking potential structural issues. According to the threshold theory proposed by Hansen (1999), the threshold model can estimate the specific threshold value. The panel threshold model is presented in Equation 2.
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where [image: image] denotes GF and ICT, and [image: image]-[image: image] are the thresholds, and [image: image]-[image: image] are the estimated coefficients at the corresponding threshold values.
Note that GTI, IGTI, and CGTI are count-type data. To fit both the benchmark and threshold models, this study standardizes all three variables. To manage the scale of the estimated coefficient for the core explanatory variable, this paper scales down PEC by a factor of 100.
4 RESULTS
4.1 Descriptive statistics
Table 2 reflects significant disparities in GTI, IGTI, CGTI and PEC across the 41 cities. We employ two-dimensional scatter plots to clearly illustrate the relationships between GTI, IGTI, CGTI, and PEC, as shown in Figure 3. First, in all three plots, the majority of data points cluster in the lower left corner, suggesting significant potential for enhancing both PEC and green innovation capabilities. Second, a few points in the upper right corner indicate a strong likelihood that positive advancements in green innovation are driven by PEC. Lastly, the slope of the fitted line in each plot shows that GTI, IGTI, and CGTI each have a positive correlation with PEC.
TABLE 2 | Variable descriptive statistics.
[image: Table 2][image: Figure 3]FIGURE 3 | The scatterplot.
4.2 Benchmark regression results
This part empirically investigates the impact of PEC on GTI, IGTI, and CGTI. Initially, it assesses whether PEC influences GTI. Secondly, GTI is categorized into IGTI and CGTI, and the analysis determines if both categories are significantly impacted. In Table 3, columns (1) to (6) incorporate year and city fixed effects. Columns (4) to (6) also include control variables. This comprehensive control helps mitigate omitted variable bias, enhancing result accuracy.
TABLE 3 | Benchmark model results.
[image: Table 3]The result in column (4) indicates that the coefficient of PEC is positive at the 5% significance level, signifying that PEC significantly enhances GTI. This occurs because, in the process of green innovation and development, the public can effectively supervise the market players to assume environmental responsibility. This prompts innovation subjects to engage in green innovation. Research hypothesis H1a is confirmed. The results in columns (5) and (6) indicate that the estimated coefficients of PEC are positive at the 5% and 10% significance levels, respectively, signifying that PEC also significantly increases IGTI and CGTI. This occurs because, under the pressure of PEC, some innovation subjects tend to pursue IGTI to enhance their competitiveness and establish a leading position in their fields. Other innovation subjects tend to pursue CGTI, which facilitates resource sharing and complementary advantages, while also sharing R&D costs and innovation risks. Research hypotheses H1b and H1c are confirmed. A comparison of the results in columns (5) and (6) reveals that the degree of influence and significance of PEC’s impact on IGTI and CGTI are inconsistent. This may result from the heterogeneity of the challenges faced by innovation subjects in the two different models of the innovation process. This will be further analyzed in the subsequent sections of this study.
The results for the control variables in Table 3 align with economic principles. Coefficients for ECO are significantly positive, suggesting that higher economic development promotes GTI, IGTI, and CGTI. Coefficients for STR positively affect GTI and IGTI but show no significant impact on CGTI, indicating a lack of positive influence on CGTI. Coefficients for EDU and FIN are significantly positive, demonstrating that stronger educational support and financial environment support GTI, IGTI, and CGTI. The regression results are generally consistent with economic logic, which justifies the model and variables.
4.3 Robustness test
To assess the robustness, we conducted several tests, including addressing endogeneity, altering the study duration, replacing the dependent and core independent variables, controlling the other ER.
4.3.1 Addressing endogeneity
To address endogeneity, we employed the lagged one-period PEC (L.PEC) as an instrumental variable, estimated using 2SLS. Results in Table 4, column (1), indicate that the coefficient of L.PEC are positive at the 1% level. Columns (2) to (4) confirm that PEC coefficients remain significantly positive, aligning with benchmark results. Additionally, the value of the Anderson LM statistic is 155.056, which rejects the original hypothesis of non-identifiable at a 1% significance level; the value of the Cragg-Donald Wald F statistic is 228.30, which is much larger than 16.38 (Stock-Yogo weak ID test critical values), rejecting the original hypothesis of a weak instrumental variable. That is, the choice of this instrumental variable is reasonable.
TABLE 4 | Robustness test considering endogeneity and study duration.
[image: Table 4]4.3.2 Altering the study duration
Given that patents may take one to 3 years to be authorized from the application date, some of the patents filed in 2020 may be authorized after 31 May 2023. Consequently, we excluded data from 2020 and conducted regressions using data from 2011 to 2019. Results in columns (5) to (7) of Table 4 support the conclusions drawn from the benchmark regression.
4.3.3 Replacing the dependent variables
For patents with multiple applicants, we counted cooperations using a two-by-two crossover method. Measure CGTI (CGTI1) by the number of cooperative applications a city participates in; IGTI (IGTI1) by the number the city applies independently; and GTI (GTI1) by adding cooperative and independent applications. We conducted regressions with GTI1, IGTI1, and CGTI1 serving as proxy variables for the original dependent variables. The coefficients of PEC in columns (1) to (3) of Table 5 are significantly positive, consistent with the benchmark results.
TABLE 5 | Robustness test for replacing and adding variables.
[image: Table 5]4.3.4 Replacing the core independent variable
Existing literature uses public environmental awareness as a proxy variable for PEC (Pargal and Wheeler, 1996; Zhou et al., 2019). We select five indicators based on data availability: the average wage of employed workers, per capita gross regional product, population density, the proportion of tertiary sector employees, and the percentage of college students. These indicators are integrated using the entropy method to measure PEA comprehensively. We performed regression analysis using city-level Public Environmental Awareness (PEA) as a proxy for PEC. The results from columns (4) to (6) in Table 5 support the conclusions drawn from the benchmark regression.
4.3.5 Controlling the other environmental regulation
PEC is a form of public-led ER. Additionally, government-led ER (GER) also impacts GTI. This may influence the empirical findings of the benchmark regression.We measure GER by the frequency of environment-related words in the government’s annual work report. According to the results in columns (7) to (9) of Table 5, the benchmark results still hold when we control for GER. Furthermore, we find that GER inhibits GTI, consistent with existing literature (Jiao et al., 2024).
4.4 Heterogeneous effects
There is a known heterogeneity in the impact of PEC on IGTI and CGTI. This has been analyzed in the theoretical section, which may be attributed to the different constraints on the two. Specifically, while IGTI can achieve unique competitive advantages, it incurs significant R&D costs; in contrast, CGTI can share costs but must overcome cooperation barriers. To verify this, we analyze the heterogeneity of innovation subjects for IGTI and the heterogeneity of cooperation scope for CGTI within the context of PEC.
4.4.1 Heterogeneity of innovation subjects for IGTI
We categorize innovation subjects as research organizations and firms. The results in Table 6 indicate that the estimated coefficient for PEC in column (1) are insignificant, while it in column (2) is positive at the 1% significance level. This means PEC effectively contributes to IGTI in research organizations but not in firms. This is because research organizations typically have specialized financial support, whereas firms face more severe R&D cost constraints. These constraints prevent firms from converting the pressure of PEC into actual autonomous green innovation. Research hypothesis H2a is supported.
TABLE 6 | Heterogeneous effects.
[image: Table 6]4.4.2 Heterogeneity of cooperation scope for CGTI
We categorize the scope of cooperation as intra-city and inter-city cooperation. The results in Table 6 indicate that the estimated coefficient for PEC in column (3) are significantly positive at the 5% level, while it in column (4) is not significant. This suggests that PEC effectively promotes CGTI within cities but not between cities. This is because innovation subjects within cities share similar institutional, historical, and cultural backgrounds, facilitating cooperation. In contrast, cooperation between cities lacks these advantages and is hindered by spatial and temporal constraints, which increase cooperation costs and impede CGTI. Research hypothesis H2b is supported.
4.5 Threshold effects
R&D costs and cooperation costs are known constraints for IGTI and CGTI, respectively. The theoretical section analyzes how GF and ICT may alleviate the constraints on GTI and fully unleash its growth potential under PEC. To verify this, we conduct a panel threshold regression using GF and ICT as threshold variables and analyze the heterogeneity of their effects on IGTI and CGTI.
4.5.1 Threshold effect of green finance
According to row (1) in Table 7, GF passed the single threshold test for the impact on PEC and GTI, with a threshold value of 0.303. Results from column (1) of Table 8 indicate that PEC’s coefficient is significantly positive at the 1% level only when GF exceeds 0.303. This suggests that only when GF reaches a certain threshold can PEC effectively facilitate GTI. This may be because GTI has a long cycle, high risk, and significant investment requirements, and the pressure of PEC is insufficient to promote GTI when GF levels are below the threshold. Only when GF levels reach the threshold can funds flow sufficiently to green R&D projects to facilitate green innovation activities.
TABLE 7 | Threshold effect tests.
[image: Table 7]TABLE 8 | Threshold effects.
[image: Table 8]Similarly, PEC is effective in promoting IGTI only when GF reaches a certain threshold based on the results in row (2) of Table 7 and column (2) of Table 8. But row (3) of Table 7 reveals that GF failed the single threshold test for the impact on PEC and CGTI. This confirms the previous analysis that the cooperative innovation model enables sharing of R&D costs and innovation risks, meaning GF does not have a significant threshold effect. In contrast, the independent innovation model faces greater constraints, so surpassing the GF threshold is crucial for providing financial security for IGTI. Research hypothesis H3a is confirmed.
4.5.2 Threshold effect of information and communication technology
Row (4) of Table 7 indicates that ICT passed the single threshold test for the impact on PEC and GTI, with a threshold value of 0.539. Results from column (4) of Table 8 reveal that PEC’s coefficient is significantly positive at the 5% level only when ICT exceeds 0.539. Two reasons explain this: first, advances in ICT have facilitated the expansion and application of the Internet, providing an important platform for the public to learn about environmental events and express concerns. Second, ICT promotes the digital transformation of innovation subjects, facilitating GTI activities.
Row (5) of Table 7 shows that ICT passed the single threshold test for the impact on PEC and IGTI, with a threshold value of 0.619. Column (5) of Table 8 shows that the PEC coefficient is 0.068 at the 10% significance level when ICT is below 0.619, and 0.174 at the 1% level when above 0.619. The marginal effect of PEC on IGTI and its significance increase with the enhancement of ICT. Row (6) of Table 7 indicates that ICT passed the single threshold test for the impact on PEC and CGTI, with a threshold value of 0.431. Column (6) of Table 8 reveals that PEC’s coefficient is significantly positive at the 5% level only when ICT exceeds 0.431. The threshold role of ICT is more stringent for CGTI than for IGTI. This is because cooperative innovation subjects may differ in institutional, historical, and cultural backgrounds, along with facing obstacles from spatial and temporal distances, leading to higher communication and cooperation costs. Since ICT plays a crucial role in enhancing communication efficiency, facilitating information sharing, and reducing time and spatial distances, cooperative green innovation activities impose stricter requirements on ICT. Research hypothesis H3b is confirmed.
5 DISCUSSION

(1) This study confirms that PEC can promote GTI, aligning with previous research (Li and Wang, 2021; Lin et al., 2024). In both China and other developing countries, governments play a crucial role in resource allocation and regulatory policies for environmental governance. Notably, as the concept of sustainable development becomes more ingrained in public consciousness, the public plays an increasingly vital role in achieving green development goals. Public participation can largely mitigate the issues of “market failure” and “government failure.” Additionally, we categorize GTI into IGTI and CGTI, finding that PEC significantly promotes both IGTI and CGTI, though the impacts exhibit heterogeneity. This aspect has been overlooked in existing studies. Clarifying the heterogeneity between the two in the context of PEC can further explore opportunities for improving GTI.
(2) IGTI can enhance unique competitiveness and achieve initial monopoly profits. Simultaneously, CGTI not only shares costs and risks but also acquires external heterogeneous knowledge, enhancing innovation quality. Therefore, both IGTI and CGTI are advantageous options for innovation subjects under PEC. However, analysis of the heterogeneity regression results reveals that IGTI under PEC is constrained by high R&D costs, while CGTI faces barriers to cooperation across city administrative boundaries. Overall, R&D and cooperation costs restrict innovation actors from converting the pressure of PEC into effective green innovation actions. Addressing how to alleviate R&D and cooperation cost constraints is the next question for discussion.
(3) Consistent with previous research (Lee et al., 2022; Wang T. et al., 2022), high levels of GF and ICT are beneficial for GTI. This aligns with China’s current policy orientation. Specifically, China actively promotes pilot policies for GF and “Broadband China”, aiming to enhance both GF and ICT levels to promote innovation and achieve green development. Additionally, this study finds that the threshold effect of GF exists only between PEC and IGTI, while the threshold effect of ICT is more stringent between PEC and CGTI. This indicates that GF can alleviate R&D cost constraints in IGTI, while ICT can reduce cooperation barriers in CGTI.
6 CONCLUSION AND IMPLICATIONS
Exploring the growth potential of GTI under the pressure of PEC is highly valuable. PEC, as an informal ER, is a key driver of GTI. This study analyzes city panel data from 2011 to 2021 in China’s Yangtze River Delta region, categorizing GTI into IGTI and CGTI, and investigates the heterogeneous impacts of PEC on these types to unlock GTI’s growth potential.
The main findings of this study are: 1) PEC promotes GTI, with a greater effect on IGTI than on CGTI, indicating heterogeneity between the two. 2) Due to R&D cost constraints, PEC promotes IGTI in research organizations but fails to do so in firms. Due to cooperation cost constraints, PEC promotes CGTI within cities but not between them. 3) GF and ICT play a threshold role between PEC and GTI. The threshold effect of GF applies only to IGTI, suggesting that GF provides financial security for R&D investments in IGTI. The threshold effect of ICT is stricter in CGTI, indicating that widespread ICT application effectively reduces barriers to cooperation in collaborative innovation.
Based on these findings, this paper presents the following recommendations:
(1) Promote effective interaction between the public and innovation subjects. The public should actively translate their environmental concerns into practical participation in governance to positively impact GTI. Specific forms of participation include establishing Environmental Non-Governmental Organizations, negotiating with authorities, utilizing the judiciary, voicing demands to the government, and showing preference for green products in the marketplace. In the face of strong and ongoing PEC, innovation subjects should engage in green innovation activities, disclose information, and seek public recognition to enhance their environmental awareness and competitive advantage.
(2) Create a supportive external environment for PEC and GTI. While pursuing green financial policies, the government should enhance the targeting of GF. Given that IGTI faces significant R&D cost constraints, the green financial project selection mechanism should offer greater financial security for developing an independent R&D system. Additionally, the government should invest in enhancing and applying ICT. The government should leverage ICT to create an innovation platform that unites various green innovation subjects, promotes information exchange, shares technical ideas, and reduces barriers to cooperation and innovation.
This study has two areas where further improvement and expansion are needed. First, we outlined the theoretical mechanism through which PEC translates into public environmental participation, subsequently affecting GTI. However, empirical verification of this mechanism is lacking. Future studies can build upon this work. Second, since the Internet remains unfamiliar to some uneducated members of the public, the use of the Baidu index to measure PEC is limited. Future research should aim for a more comprehensive measurement.
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