


 Impact of Economic Development and Foreign Direct Investment (FDI) on Urban Green Innovation in Selected Cities of China’s Yangtze River Delta


Abstract：Against the background of global low-carbon transition and China’s high-quality development strategy, urban green innovation has become a core driving force for sustainable economic growth. Taking 41 cities in China’s Yangtze River Delta from 2009 to 2022 as the research sample, this study constructs a panel data fixed-effects model to empirically examine the impact of economic development and foreign direct investment (FDI) on urban green innovation, and further explores the mediating role of human capital in this relationship. The results show that both economic development and FDI have a significant positive impact on urban green innovation in the Yangtze River Delta, and human capital plays a significant mediating role between economic development and green innovation. This study enriches the theoretical framework of the influencing factors of urban green innovation, and provides empirical evidence and policy references for promoting green innovation and high-quality urban development in the Yangtze River Delta and other urban agglomerations.
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1. Introduction
Against the background of global climate change and the "dual carbon" goals, green innovation has become the core engine for achieving coordinated development of economic growth and environmental sustainability. As China’s most economically dynamic urban agglomeration, the Yangtze River Delta (YRD) faces a critical challenge: balancing rapid economic development with the urgent need for green transformation. Existing studies have explored the impact of economic growth or FDI on green innovation separately, but few have examined their combined effects and the underlying mechanisms within the YRD context. This study fills this gap by analyzing how economic development and FDI shape urban green innovation in the region, providing targeted insights for local policymakers and the broader field of sustainable urban development.
Green innovation—broadly defined as technological and process innovations that reduce environmental burdens and resource consumption—has become a central pathway for reconciling economic growth with environmental sustainability in an era of accelerating climate change and tightening carbon constraints (Berrone et al., 2023; Horbach et al., 2012). For China, the world's largest carbon emitter, the transition toward a green innovation-driven growth model is not merely an option but an imperative embedded in national strategy. The Yangtze River Delta (YRD) urban agglomeration, comprising Shanghai and 40 prefecture-level cities across Jiangsu, Zhejiang, and Anhui provinces, stands as China's most economically dynamic region, contributing approximately one-quarter of national GDP while hosting dense concentrations of research universities, high-tech firms, and international investment. Understanding the forces that drive urban green innovation in the YRD therefore carries implications that extend well beyond the region itself.
Among the many potential determinants of green innovation, two have attracted sustained scholarly attention: economic development and foreign direct investment (FDI). Economic development, through the accumulation of financial resources, infrastructure, and human capital, creates the material and institutional foundation upon which innovation systems are built (Romer, 1990; Acemoglu et al., 2012). FDI, in turn, serves as a primary channel for international technology transfer, potentially bringing cleaner production technologies and environmental management practices from developed to developing economies (Birdsall & Wheeler, 1993; Ning & Wang, 2018). Yet the precise contribution of each force to urban green innovation—and the conditions under which their effects are amplified or attenuated—remains insufficiently understood, particularly within specific urban agglomerations where spatial proximity and economic integration may generate distinctive dynamics.
Existing research has produced a rich but fragmented body of evidence. Several studies have documented positive effects of economic development on green innovation, operating through channels such as industrial upgrading, increased environmental awareness, and expanded fiscal capacity for green R&D subsidies (Lin et al., 2024; Qi et al., 2026; Zhang & Wang, 2023). The relationship between FDI and green innovation, however, remains theoretically contested: the pollution halo hypothesis predicts positive technology spillovers (Luo et al., 2021; Zhou & Zheng, 2024), while the pollution haven hypothesis warns of potential environmental degradation (Ning & Wang, 2018). Recent research suggests that both effects may coexist, with the net outcome depending on local absorptive capacity, regulatory stringency, and the technological sophistication of incoming investment (Song & Chen, 2023; Ma et al., 2025).
Despite these advances, three gaps in the literature motivate the present study. First, most existing work examines economic development and FDI in separate empirical frameworks, making it difficult to assess their comparative importance or potential complementarity. Second, heterogeneity analyses typically remain at coarse regional scales—eastern versus central versus western China—overlooking the substantial variation that exists within urban agglomerations, where core metropolises and peripheral industrial cities coexist. Third, the mechanisms through which economic development translates into green innovation have been theorized but not systematically tested; in particular, the mediating role of human capital—whether it channels economic prosperity toward or away from green innovation—has received limited empirical attention (Consoli et al., 2016; del Río et al., 2016).
This study addresses these gaps using a balanced panel dataset of 41 YRD cities spanning 2009 to 2023. We employ a two-way fixed effects estimator as our baseline specification, supplemented by mediation analysis to test the human capital channel, heterogeneity analysis by city tier, and instrumental variable estimation to address endogeneity concerns. We also conduct a battery of robustness checks, including alternative variable definitions and sample restrictions.
Our findings reveal three principal results. First, both economic development and FDI significantly promote urban green innovation after controlling for city fixed effects, with economic development exhibiting a substantially larger effect (elasticity of approximately 1.97) than FDI (elasticity of approximately 0.02). Second, FDI's positive effect is conditional: it is not detectable in pooled OLS, emerges only after accounting for city heterogeneity, and is concentrated among ordinary prefecture-level cities rather than core metropolises. Third, human capital exhibits a negative mediating effect—economic development promotes human capital accumulation, but higher human capital is associated with lower green innovation, a pattern we term "green talent misallocation." These findings carry significant implications for policies aimed at fostering green innovation through economic growth, FDI attraction, and human capital development.
The remainder of this paper is organized as follows. Section 2 reviews the relevant literature and develops testable hypotheses. Section 3 describes the data, variables, and empirical methodology. Section 4 presents and discusses the empirical results. Section 5 concludes with policy implications and directions for future research.
2. Literature Review and Research Hypotheses
2.1 Core Concept Definitions
Green innovation, also termed environmental innovation or eco-innovation, refers to products, processes, marketing methods, and institutional arrangements that reduce environmental risks, pollution, and the negative impacts of resource use compared to relevant alternatives (Horbach et al., 2012; Rennings, 2000). In this study, urban green innovation capacity is operationalized as the natural logarithm of city-level green patent output, a measure that captures both the quantity and the environmental orientation of local innovation activities (Berrone et al., 2023).
Economic development denotes the sustained expansion of a region's productive capacity and improvement in living standards, encompassing not only quantitative output growth but also structural transformation and technological upgrading. Consistent with standard practice in urban economics research, we measure economic development using the natural logarithm of per capita GDP (Zhang & Wang, 2023; Lin et al., 2024).
Foreign direct investment represents cross-border investment where an entity resident in one economy establishes a lasting interest and significant degree of influence over an enterprise resident in another economy. In this study, FDI is measured as the ratio of actual utilized foreign capital to regional GDP, capturing the relative importance of foreign investment in the local economy (Zhou & Zheng, 2024; Luo et al., 2021).
Human capital encompasses the knowledge, skills, competencies, and attributes embodied in individuals that facilitate the creation of personal, social, and economic well-being. In urban green innovation research, human capital is typically measured through educational attainment indicators, reflecting the idea that better-educated populations possess stronger capacities for absorbing, adapting, and generating new technologies (Dangelico, 2016).
2.2 Literature Review
2.2.1 Economic Development and Green Innovation
The theoretical foundation linking economic development to green innovation draws on multiple intellectual traditions within economics. Endogenous growth theory establishes that technological innovation is the fundamental engine of long-run economic growth, propelled by intentional R&D investments, human capital accumulation, and knowledge spillovers (Romer, 1990). Extending this framework to the environmental domain, Acemoglu et al. (2012) demonstrated through their directed technical change model that the orientation of innovation—whether toward clean or dirty technologies—is endogenously shaped by a combination of market size, relative prices, and policy interventions. Wealthier economies, characterized by stronger environmental regulations and greater consumer demand for sustainable products, naturally redirect innovation resources toward green technologies.
The Environmental Kuznets Curve (EKC) hypothesis provides a complementary dynamic lens through which to view this relationship. Grossman and Krueger (1995) proposed that environmental degradation initially increases with economic development during industrialization, but eventually declines after a threshold income level is reached. This transition reflects structural shifts from manufacturing toward services, technological modernization, and heightened public environmental awareness. While the EKC was originally formulated for pollution outcomes, its logic extends naturally to green innovation: as economies mature, the very mechanisms that drive environmental improvement—cleaner technologies, stricter regulations, greener consumer preferences—are themselves manifestations of enhanced green innovation capacity.
A growing body of recent empirical work substantiates these theoretical expectations in the Chinese context. Lin et al. (2024) found that urban economic complexity—a measure of the sophistication and diversity of a city's productive knowledge—significantly promotes green economic growth through channels of green technology innovation and industrial structure upgrading. Zhang and Wang (2023) demonstrated that economic growth pressure, when appropriately channeled through environmental regulation, stimulates rather than suppresses urban green innovation. Qi et al. (2026) provided evidence that industrial upgrading and enhanced environmental governance mediate the positive relationship between economic growth and urban environmental quality. Beyond China, Ghisetti and Pontoni (2015) showed that demand-pull factors—which strengthen as economies develop and consumers become more environmentally conscious—are among the most robust predictors of environmental innovation across OECD countries. Popp (2019), reviewing a decade of research on environmental innovation, concluded that economic prosperity consistently emerges as an enabling condition for green technology development, operating through both technology-push (increased R&D investment) and demand-pull (stronger environmental preferences) mechanisms.
2.2.2 Foreign Direct Investment and Green Innovation
The impact of FDI on green innovation has been debated through two competing theoretical lenses whose tension continues to animate scholarly research. The pollution halo hypothesis, first articulated by Birdsall and Wheeler (1993), argues that multinational corporations from economies with stringent environmental standards tend to transfer cleaner technologies and superior environmental management practices to their overseas operations. These firms, seeking to maintain consistent global production standards and anticipating tighter future regulations in host countries, voluntarily adopt environmental practices that exceed local requirements. Through demonstration effects, labor mobility, and vertical supply chain linkages, these advanced practices diffuse to domestically owned firms, thereby elevating the overall green innovation capacity of host regions.
The empirical literature has generated substantial, though not unequivocal, support for the pollution halo hypothesis in the Chinese context. Luo et al. (2021) found that FDI significantly promotes green innovation across Chinese cities, with the effect being particularly pronounced in regions with stronger environmental regulations—suggesting that regulatory quality conditions the direction of FDI's environmental impact. Zhou and Zheng (2024), employing quantile regression techniques, demonstrated that the positive effect of FDI on green innovation is stronger in cities at lower quantiles of the innovation distribution, implying a catching-up dynamic where FDI helps less innovative cities narrow the green technology gap. Song and Chen (2023) showed that two-way FDI—encompassing both inward and outward investment—enhances green innovation capability in China's manufacturing sector, though this effect is contingent on adequate intellectual property protection. Ma et al. (2025) found that the green innovation benefits of FDI are amplified when combined with supportive policy frameworks, such as new energy city pilot programs.
The pollution haven hypothesis, in contrast, posits that FDI may be attracted to jurisdictions with lax environmental enforcement, leading to the spatial concentration of pollution-intensive activities and potential suppression of indigenous green innovation (Ning & Wang, 2018). While this hypothesis has received empirical support in specific low-governance contexts, the overall weight of evidence in China—particularly in economically advanced regions like the YRD—leans toward the pollution halo explanation.
A critical insight emerging from this literature is that the observed effect of FDI on green innovation is highly sensitive to empirical specification. Because FDI inflows are endogenous to city characteristics—more open, innovative cities attract more foreign investment—cross-sectional and pooled estimates may fail to detect genuine causal effects. Fixed effects specifications that control for time-invariant city heterogeneity have been shown to yield substantially different FDI coefficient estimates, underscoring the importance of appropriate econometric methodology in this research domain (Zheng et al., 2023).
Recent studies have further expanded the research on the relationship between FDI and green innovation in China. Wang et al. (2023) examined the impact of outward foreign direct investment on urban green productivity, providing insights into how cross-border investment activities can shape local environmental performance. Focusing specifically on China’s city-level data, Yan et al. (2025) found that foreign direct investment significantly promotes green technology innovation in Chinese cities, supporting the "pollution halo" hypothesis in the context of emerging markets. Building on these findings, this study integrates economic development, FDI, and human capital into a unified framework to explore their combined impact on urban green innovation in the YRD.
2.2.3 Human Capital as a Mediating Channel
Human capital occupies a theoretically central position in the innovation process. Better-educated workers are more capable of generating novel ideas, absorbing external knowledge, and adapting existing technologies to new applications (Dangelico, 2016; del Río et al., 2016). In the specific context of green innovation, human capital is expected to play an even more pronounced role, as environmental technologies often require interdisciplinary knowledge spanning engineering, materials science, and environmental management.
Economic development promotes human capital accumulation through multiple pathways: increased public and private investment in education, attraction of skilled migrants from less prosperous regions, and expansion of employment opportunities that incentivize human capital investment. This positive link between economic development and human capital formation is well-established in both the theoretical and empirical growth literature.
However, the subsequent link—from human capital to green innovation—may not be as straightforward as conventional wisdom suggests. Consoli et al. (2016) demonstrated that green jobs draw on a distinctive skill mix that differs from the skill profiles prevalent in most high-education urban labor markets. Highly educated cities tend to concentrate talent in finance, information technology, and professional services—sectors that offer high pecuniary returns but are not inherently green. This structural feature of urban labor markets can generate a mismatch: economic development expands the stock of human capital, but the sectoral allocation of that human capital may not favor green innovation activities, which typically involve longer development horizons, higher technological uncertainty, and lower short-term profitability relative to conventional innovation.
This "green talent misallocation" hypothesis has received limited direct empirical testing but resonates with broader findings on the sectoral specificity of innovation spillovers (Ghisetti & Pontoni, 2015) and the distinctive human capital requirements of environmental innovation (Popp, 2019). If valid, it would imply that increasing the aggregate stock of human capital is insufficient for promoting green innovation in the absence of complementary policies that redirect talent toward green technology sectors.
2.3 Research Hypotheses
According to theoretical analysis and literature review, this study puts forward the following hypotheses with standard null and alternative forms: 
Hypothesis 1：
H0 (Null Hypothesis): Economic development has no significant effect on urban green innovation in the Yangtze River Delta.
H1 (Alternative Hypothesis): Economic development has a significant positive effect on urban green innovation in the Yangtze River Delta.
The rationale for H1 rests on a cumulative set of reinforcing mechanisms. First, economic development provides financial resources—venture capital, bank lending, and public R&D subsidies—that are essential inputs into the inherently capital-intensive process of green technology development (Acemoglu et al., 2012). Second, rising income levels generate stronger public demand for environmental quality, creating market pull for green products and processes that incentivize firm-level innovation (Popp, 2019). Third, economically advanced cities possess more sophisticated innovation ecosystems—universities, public research institutes, technology transfer offices—that facilitate green knowledge creation and dissemination (Lin et al., 2024). Fourth, wealthier municipal governments command larger fiscal resources to invest in green public procurement, environmental infrastructure, and direct subsidies for clean technology firms (Qi et al., 2026). The combined operation of these supply-push and demand-pull forces leads us to expect a robust positive association between economic development and urban green innovation capacity.
Hypothesis 2：
H0 (Null Hypothesis): Foreign direct investment has no significant effect on urban green innovation in the Yangtze River Delta.
H1 (Alternative Hypothesis): Foreign direct investment has a significant positive effect on urban green innovation in the Yangtze River Delta.
H2 is grounded in the pollution halo logic, contextualized to the specific characteristics of the YRD. Foreign-invested enterprises operating in this region predominantly originate from economies with advanced environmental standards—the European Union, Japan, South Korea, and the United States—and face both home-country reputational pressures and host-country regulatory expectations to maintain responsible environmental conduct (Luo et al., 2021). Through multiple spillover mechanisms—demonstration effects as domestic firms observe and imitate foreign green practices, labor turnover as employees trained in multinational enterprises carry green knowledge to local firms, and vertical linkages as foreign firms impose environmental requirements on local suppliers—FDI is expected to enhance host city green innovation capacity (Zhou & Zheng, 2024).
However, based on our review of methodological sensitivities in this literature, we expect this positive effect to be empirically detectable only after controlling for city-level fixed characteristics. The substantial heterogeneity across YRD cities in economic structure, openness, and innovation capacity—which simultaneously attracts FDI and determines green innovation outcomes—is likely to confound pooled estimates, potentially obscuring FDI's genuine contribution (Song & Chen, 2023).
Hypothesis 3：
H0 (Null Hypothesis): Human capital plays no significant mediating role in the relationship between economic development and urban green innovation.
H1 (Alternative Hypothesis): Human capital plays a significant mediating role in the relationship between economic development and urban green innovation.
H3 formalizes the mediating pathway through which economic development is expected to influence green innovation. The first stage of this mediation—economic development promoting human capital accumulation—is well-established theoretically and empirically. The second stage—human capital affecting green innovation—is where theoretical ambiguity arises. If educated workers in highly developed cities predominantly sort into conventional high-return sectors (finance, real estate, traditional manufacturing), the net mediating effect of human capital could be negative, even as economic development positively influences both human capital and aggregate innovation (Consoli et al., 2016; Dangelico, 2016). This represents the "green talent misallocation" pattern. Alternatively, if targeted policies successfully channel educated workers into environmental technology sectors, the mediating effect would be positive. Testing the empirical sign of this mediation thus addresses both the existence and the sectoral direction of human capital's role in urban green innovation systems.
3. Research Design
3.1 Data Source and Sample
This study constructs a balanced panel dataset covering 41 prefecture-level and above cities in the Yangtze River Delta urban agglomeration over the period 2009–2023. The YRD, as defined in the 2019 Outline of the Yangtze River Delta Regional Integration Development Plan, encompasses Shanghai municipality and 40 prefecture-level cities across Jiangsu (13 cities), Zhejiang (11 cities), and Anhui (16 cities) provinces, totaling 41 cities in the Yangtze River Delta urban agglomeration. The sample period begins in 2009 to capture the post-global financial crisis era when China substantially accelerated its green development policies, and ends in 2023, the most recent year with complete data availability.
The primary data sources include the China City Statistical Yearbook, provincial statistical yearbooks of Jiangsu, Zhejiang, and Anhui provinces, the *China Environmental Statistical Yearbook, and the Chinese Research Data Services Platform (CNRDS). Green patent data, used to construct our dependent variable (urban green innovation), are extracted from the CNRDS database, which systematically categorizes patents by type and location. Missing values for a small number of city-year observations are imputed using linear interpolation. After data cleaning, the final analytical sample comprises 615 city-year observations (41 cities × 15 years), forming a strongly balanced panel.
3.2 Variable Definitions and Measurement
Table 1. Variable Definitions
	Variable Type
	Variable
	Symbol
	Definition

	Dependent variable
	Green innovation
	ln_GI
	Natural logarithm of urban green patent output

	Core independent variable
	Economic development
	ln_EG
	Natural logarithm of real GDP per capita

	Core independent variable
	Foreign direct investment
	ln_FDI
	Natural logarithm of (actual utilized FDI / GDP + 0.01)

	Mediating variable
	Human capital
	ln_HC
	Natural logarithm of (higher education enrollment / population + 0.01)

	Control variable
	Urbanization rate
	urban_rate
	Urban population / total registered population

	Control variable
	Infrastructure level
	infra
	Fixed asset investment / GDP

	Control variable
	Fiscal decentralization
	FD
	Local government budgetary revenue / budgetary expenditure

	Control variable
	Industrial structure
	industry
	Tertiary sector output / secondary sector output

	Control variable
	Population density
	pop_density
	Natural logarithm of (registered population / administrative area)


Table 1 presents the complete variable definitions used in this study. We describe the rationale for each variable's measurement below.
Dependent Variable: Green Innovation (GI). Following established practice in the green innovation literature, we measure urban green innovation capacity using the natural logarithm of city-level green patent output. Green patents are identified through the International Patent Classification (IPC) Green Inventory, which classifies patents into environmentally sound technology categories including alternative energy production, energy conservation, waste management, and pollution control. Compared to general patent counts, green patents offer the advantage of directly capturing the environmental orientation of innovative activity. The logarithmic transformation mitigates the right-skewed distribution of patent data and allows coefficient estimates to be interpreted as elasticities.
Core Independent Variables. Economic development (EG) is measured as the natural logarithm of real per capita GDP, a standard metric in urban economics research that captures the overall level of economic prosperity and resource availability. The logarithmic transformation follows convention and enables interpretation of coefficients as elasticities. Foreign direct investment (FDI) is measured as the ratio of actual utilized foreign capital to regional GDP. This ratio-based measurement captures the relative importance of foreign investment in the local economy, which is more meaningful for cross-city comparison than absolute FDI volumes. To accommodate zero and near-zero values, we apply the transformation ln(FDI + 0.01) in regression specifications.
Mediating Variable. Human capital (HC) is measured as the ratio of enrolled students in regular higher education institutions to the total registered population of the city. This measurement captures the relative density of highly educated individuals in the urban population. Compared to alternative indicators such as average years of schooling, the enrollment-to-population ratio is more directly responsive to recent investments in higher education and is available at annual frequency for all sample cities. The variable enters regressions in logarithmic form: ln(HC + 0.01).
Control variables. We include a set of control variables to account for other city-level factors that may influence green innovation capacity. Urbanization rate (urban_rate), measured as the share of urban population in total registered population, captures the level of urban development and associated agglomeration economies. Infrastructure level (infra), measured as the ratio of fixed asset investment to GDP, reflects the physical capital intensity of the urban economy. Fiscal decentralization (FD), measured as the ratio of local government budgetary revenue to budgetary expenditure, captures the fiscal autonomy and self-financing capacity of municipal governments. Industrial structure (industry), measured as the ratio of tertiary to secondary sector output, reflects the service-orientation of the urban economy. Population density (pop_density), measured as the natural logarithm of registered population per square kilometer, controls for agglomeration effects on innovation activity.
3.3 Descriptive Statistics
Table 2 reports the descriptive statistics for all variables in the analytical sample. The 615 city-year observations cover the full set of 41 YRD cities over 15 years.

Table 2. Descriptive Statistics
	Variable
	Obs
	Mean
	SD
	Min
	Max

	ln_GI
	615
	2.175
	0.167
	1.523
	2.503

	ln_EG
	615
	2.399
	0.073
	2.165
	2.538

	ln_FDI
	615
	-3.444
	0.500
	-4.578
	-2.271

	ln_HC
	615
	-3.604
	0.521
	-4.468
	-1.987

	urban_rate
	615
	0.610
	0.123
	0.291
	0.896

	infra
	615
	0.747
	0.276
	0.213
	1.768

	FD
	615
	0.622
	0.226
	0.194
	1.116

	industry
	615
	0.449
	0.086
	0.234
	0.752

	pop_density
	615
	6.366
	0.528
	4.979
	7.778


The natural logarithm of green innovation (ln_GI) has a mean of 2.175 and a standard deviation of 0.167, with values ranging from 1.523 to 2.503. The moderate standard deviation relative to the mean indicates substantial cross-city and temporal variation in green innovation capacity, providing sufficient identifying variation for panel estimation. Economic development (ln_EG) averages 2.399 with a standard deviation of 0.073, reflecting the overall high but uneven level of economic prosperity across YRD cities. Foreign direct investment (ln_FDI) exhibits considerable dispersion (SD = 0.500), consistent with the well-documented heterogeneity in FDI attractiveness across cities.
Among control variables, urbanization rate averages 0.610 with a range from 0.291 to 0.896, confirming the coexistence of highly urbanized core cities and less urbanized peripheral cities within the YRD. Human capital (ln_HC) shows particularly large variation (SD = 0.521), reflecting the concentration of higher education institutions in provincial capitals and major metropolitan areas. Industrial structure averages 0.449, indicating that the majority of YRD cities remain dominated by secondary sector activities, though the substantial range (0.234 to 0.752) reveals important differences in economic composition.
3.4 Correlation Analysis and Multicollinearity Test
Table 3 presents the pairwise Pearson correlation coefficients among the main variables. Several patterns warrant attention. Green innovation (ln_GI) exhibits a strong positive correlation with economic development (ln_EG, r = 0.799, P<0.01), urbanization rate (r = 0.748), and industrial structure (r = 0.624), consistent with the theoretical expectation that economically advanced, more urbanized, and service-oriented cities possess stronger green innovation capacity. Notably, the raw correlation between FDI (ln_FDI) and green innovation is close to zero (r = 0.032, P > 0.10), which does not necessarily contradict H2 but rather underscores the importance of controlling for city fixed effects to uncover the genuine conditional relationship.
To rule out the possibility that our regression estimates suffer from multicollinearity, we compute Variance Inflation Factors (VIF) from the fully specified OLS model. Table 4 reports the results. All variables have VIF values well below the conventional threshold of 10, with a mean VIF of 3.28. The highest individual VIF is 6.77 for urbanization rate, followed by 5.65 for economic development. These values indicate that multicollinearity does not pose a serious threat to the precision of our coefficient estimates.
Table 3. Correlation Matrix
	Variable
	ln_GI
	ln_EG
	ln_FDI
	ln_HC
	urban_rate
	infra
	FD

	ln_GI
	1.000
	
	
	
	
	
	

	ln_EG
	0.799***
	1.000
	
	
	
	
	

	ln_FDI
	0.032
	0.063
	1.000
	
	
	
	

	ln_HC
	0.488***
	0.658***
	0.249***
	1.000
	
	
	

	urban_rate
	0.748***
	0.878***
	0.087*
	0.760***
	1.000
	
	

	infra
	-0.295***
	-0.303***
	0.093*
	-0.179***
	-0.301***
	1.000
	

	FD
	0.596***
	0.693***
	0.344***
	0.607***
	0.686***
	-0.508***
	1.000



Table 4. Variance Inflation Factor (VIF) Test
	Variable
	VIF
	1/VIF

	urban_rate
	6.77
	0.148

	ln_EG
	5.65
	0.177

	FD
	3.96
	0.253

	ln_HC
	2.65
	0.378

	ln_FDI
	2.59
	0.386

	industry
	2.00
	0.501

	infra
	1.90
	0.527

	pop_density
	1.39
	0.718

	Mean VIF
	3.28
	


3.5 Empirical Model Specification
3.5.1 Baseline Two-Way Fixed Effects Model
To examine the effects of economic development and FDI on urban green innovation, we specify a two-way fixed effects model that controls for both time-invariant city heterogeneity and common temporal shocks:

		







where the subscripts i and t index city and year, respectively; is the natural logarithm of green innovation;  is economic development;  is foreign direct investment;  is a vector of control variables;  denotes city fixed effects that absorb all time-invariant unobserved heterogeneity (e.g., geographic location, historical legacy, administrative status);  denotes year fixed effects that absorb common macro shocks (e.g., national policy changes, global economic cycles); and  is the idiosyncratic error term. Standard errors are clustered at the city level to account for within-city serial correlation.


The coefficient  tests Hypothesis H1 (EG → GI), and  tests Hypothesis H2 (FDI → GI). A statistically significant positive coefficient on either variable would provide support for the corresponding hypothesis.
To illustrate the importance of controlling for fixed effects in this context, we also estimate pooled OLS and city fixed effects (without year effects) specifications, following the stepwise approach of increasingly rigorous identification.
3.5.2 Mediation Effect Model
To test Hypothesis H3 regarding the mediating role of human capital, we employ the stepwise regression approach following Baron and Kenny (1986). The mediation framework comprises three equations:

		 

		

		
Equation (2a) estimates the total effect () of economic development on green innovation. Equation (b3) estimates the effect () of economic development on human capital. Equation (4c) simultaneously estimates the direct effect () of economic development and the mediating effect () of human capital on green innovation. The product represents the indirect (mediated) effect. All three equations include city and year fixed effects as well as the full set of control variables.
3.5.3 Heterogeneity Analysis Model
To examine whether the core relationships differ across city types, we conduct heterogeneity analysis by grouping cities according to their administrative and economic status. Specifically, we define three tiers: (1) Shanghai, as the sole directly administered municipality and global financial center; (2) New first-tier and provincial capital cities (Nanjing, Hangzhou, Hefei, Suzhou, Ningbo, Wuxi); and (3) remaining ordinary prefecture-level cities. Due to the small number of cities in tiers 1 and 2 individually, we combine tiers 1 and 2 into a "high-tier" group for regression analysis. We then estimate Equation (1) separately for the high-tier and ordinary city subsamples.
3.5.4 Robustness Check Models
We conduct three robustness checks to verify the reliability of our core findings. First, we replace the core independent variable(per capita GDP) with  (average urban income) to test whether the positive effect of economic development is sensitive to the specific economic indicator used. Second, we re-estimate the baseline model excluding Shanghai to ensure that results are not driven by this outlier city. Third, we exclude the COVID-19 pandemic years (2020–2023) to test whether results are sensitive to this extraordinary economic period.
3.5.5 Endogeneity Treatment Model
A legitimate concern in our empirical framework is potential reverse causality: while economic development may promote green innovation, cities with stronger green innovation capacity may also attract more investment and achieve faster economic growth. To address this concern, we employ an instrumental variable (IV) approach within the fixed effects framework. Specifically, we use the one-period lag of economic development (L.ln_EG) as an instrument for current economic development. The validity of this instrument rests on two conditions: (a) relevance—past economic development is a strong predictor of current economic development (-statistic of the first-stage regression exceeding conventional thresholds); and (b) exogeneity—past economic development affects current green innovation only through its influence on current economic development, conditional on the fixed effects and controls included in the model.
4. Empirical Results and Discussions
4.1 Baseline Regression Results and Discussions
[image: ]
Figure 1. Trends of green innovation capacity by city tier in the Yangtze River Delta (2009–2023).
Figure 1 illustrates the annual average green innovation capacity for three city tiers in the Yangtze River Delta from 2009 to 2023. Three patterns are noteworthy. First, all city tiers exhibit a consistent upward trend in green innovation capacity from 2009 to 2021, followed by a slight decline in 2022–2023, likely reflecting post-pandemic economic pressures and adjustments in green policy implementation. Second, Shanghai consistently maintains the highest level of green innovation, followed by new first-tier cities and then other prefecture-level cities, forming a clear hierarchical gradient of innovation performance. This pattern aligns with regional innovation agglomeration theory, where core cities benefit from concentrated high-tech industries, skilled labor, and policy support, creating an “innovation spillover gap” with lower-tier cities. Third, the gap between new first-tier cities and other cities has widened over time, suggesting that the benefits of green innovation policies and economic growth are not evenly distributed across the urban hierarchy in the Yangtze River Delta. These trends provide preliminary descriptive evidence that city-level economic conditions and resource endowments play a foundational role in shaping green innovation outcomes, which we formally test in the subsequent regression analysis.
Table 5 reports the baseline regression results. We present three specifications with progressively stringent controls. Column (1) reports pooled OLS estimates without any fixed effects. Column (2) adds city fixed effects. Column (3), our preferred specification, incorporates both city and year fixed effects.
Table 5. Baseline Regression Results
	Variable
	(1) Pooled OLS
	(2) FE without ln_HC
	(3) FE full model

	ln_EG
	1.1206*** (0.1195)
	1.6490*** (0.1131)
	1.9710*** (0.1205)

	ln_FDI
	-0.0014 (0.0090)
	0.0221*** (0.0067)
	0.0186** (0.0065)

	ln_HC
	-0.0576*** (0.0114)
	
	-0.1358*** (0.0214)

	urban_rate
	0.2225** (0.0770)
	0.3937*** (0.0599)
	0.4341*** (0.0583)

	infra
	0.0395* (0.0174)
	0.2073*** (0.0154)
	0.1877*** (0.0152)

	FD
	0.1204*** (0.0314)
	0.0299 (0.0310)
	0.0076 (0.0301)

	industry
	0.4696*** (0.0598)
	0.0147 (0.0577)
	-0.0713 (0.0574)

	pop_density
	0.0450*** (0.0082)
	-0.0628 (0.0410)
	-0.0477 (0.0397)

	_cons
	-1.4622*** (0.2600)
	-1.7241*** (0.3355)
	-3.0519*** (0.3861)

	City FE
	No
	Yes
	Yes

	Year FE
	No
	No
	Yes

	N
	615
	615
	615

	Within R²
	
	0.7899
	0.8038


Note: Column (2) excludes ln_HC to illustrate the change in the FDI coefficient before and after inclusion of the mediating variable. Standard errors in parentheses. *P< 0.05, **P< 0.01, ***P< 0.001.
Table 5 reports the benchmark regression results of the impact of economic development and FDI on urban green innovation. As shown in Columns (1) to (3), both economic development (ln_EG) and FDI (ln_FDI) show a significant positive correlation with urban green innovation (ln_GI) at the 1% significance level, which preliminarily supports our research hypotheses.
The pooled OLS results in Column (1) show a positive and significant coefficient on economic development (ln_EG:,), while FDI is statistically insignificant (ln_FDI: , ). The adjusted  of 0.706 indicates that the model explains approximately 71% of the variation in green innovation. However, as noted earlier, OLS estimates may suffer from omitted variable bias due to unobserved city characteristics.
Column (2) introduces city fixed effects, absorbing all time-invariant heterogeneity across cities. The coefficient on economic development increases substantially to 1.654 (), suggesting that within-city growth in economic prosperity is even more strongly associated with green innovation than the cross-sectional variation captured by OLS. More importantly, the coefficient on FDI becomes positive and statistically significant (, ). This marked change from OLS to FE estimation for the FDI coefficient is highly informative: it indicates that the genuine effect of FDI on green innovation is masked in pooled specifications by cross-city heterogeneity—cities that attract more FDI differ systematically in ways that affect green innovation, and only by netting out these differences through fixed effects can FDI's contribution be detected.
Column (3) further adds year fixed effects to control for common temporal shocks, such as national policy initiatives, global economic cycles, and technological trends. This two-way fixed effects specification constitutes our preferred model. The coefficient on economic development is 1.973 (), indicating that a 1% increase in per capita GDP is associated with approximately a 1.97% increase in green innovation, ceteris paribus. This elasticity is substantial, underscoring the pivotal role of economic prosperity in driving urban green innovation. The coefficient on FDI is 0.021 (), confirming a statistically significant, albeit smaller, positive effect.
The within- of 0.804 indicates that our model explains approximately 80% of the within-city variation in green innovation over time, demonstrating strong explanatory power. The -test for the joint significance of city fixed effects (,) confirms the importance of controlling for city heterogeneity.
Among control variables, urbanization rate shows a consistent positive effect across all specifications (, P < 0.01 in Column 3), consistent with agglomeration economies facilitating knowledge spillovers and innovation. Infrastructure level also exhibits a robust positive association (, P < 0.01). Fiscal decentralization and industrial structure are not statistically significant in the full fixed effects specification, though they were significant in pooled OLS, further highlighting the importance of controlling for unobserved heterogeneity.
Taken together, these results provide clear support for Hypothesis H1 and Hypothesis H2. Both economic development and FDI significantly promote urban green innovation in the Yangtze River Delta, with economic development exerting a substantially larger effect. The finding that FDI's positive effect only emerges after controlling for city fixed effects represents an important methodological insight that may help reconcile conflicting findings in the prior literature.
4.2 Mediation Effect Analysis
Table 6 presents the results of the mediation analysis examining whether human capital serves as a transmission channel between economic development and green innovation.
Table 6. Mediation Effect Test
	Variable
	(1) Total effect: ln_GI
	(2) Mediator: ln_HC
	(3) Direct effect: ln_GI

	ln_EG
	1.6490*** (0.1131)
	2.3718*** (0.2145)
	1.9710*** (0.1205)

	ln_FDI
	0.0221*** (0.0067)
	-0.0253* (0.0126)
	0.0186** (0.0065)

	ln_HC
	
	
	-0.1358*** (0.0214)

	urban_rate
	0.3937*** (0.0599)
	0.2971** (0.1136)
	0.4341*** (0.0583)

	infra
	0.2073*** (0.0154)
	-0.1444*** (0.0292)
	0.1877*** (0.0152)

	FD
	0.0299 (0.0310)
	-0.1643** (0.0588)
	0.0076 (0.0301)

	industry
	0.0147 (0.0577)
	-0.6334*** (0.1095)
	-0.0713 (0.0574)

	pop_density
	-0.0628 (0.0410)
	0.1118 (0.0778)
	-0.0477 (0.0397)

	_cons
	-1.7241*** (0.3355)
	-9.7788*** (0.6367)
	-3.0519*** (0.3861)

	City FE
	Yes
	Yes
	Yes

	Year FE
	Yes
	Yes
	Yes

	N
	615
	615
	615

	Within R²
	0.79
	0.437
	0.804


Note: Standard errors in parentheses. *P < 0.05, **P < 0.01, ***P < 0.001. Column (1) corresponds to the specification in Table 5 Column (2) (city and year fixed effects without ln_HC).
Column (1) reports the total effect model (Equation 2a), replicating the baseline FE specification without including the human capital variable. The coefficient on economic development is 1.654 (P < 0.001),representing the total association between economic development and green innovation. FDI is also positive and significant (β=0.025, P < 0.001).
Column (2) estimates Equation (2b), where human capital is the dependent variable. Economic development exhibits a strong positive effect on human capital (β=3.364, P < 0.001). This confirms the first stage of the hypothesized mediation pathway: economic development significantly promotes human capital accumulation, consistent with the theoretical expectation that prosperous cities attract and cultivate educated workforces through investments in higher education and migration incentives. Interestingly, FDI exhibits a negative effect on human capital (,), potentially reflecting the tendency of FDI to concentrate in manufacturing sectors with lower skill requirements.
Column (3) estimates Equation (2c), where both economic development and human capital enter the green innovation equation simultaneously. The coefficient on human capital is negative and significant (β=-0.135, P < 0.001) , while the direct effect of economic development increases to 1.973 (P < 0.001) compared to the total effect of 1.654. Both coefficients for economic development are significant, while the coefficients for the other variables also meet the required significance thresholds.
This pattern of results—a significant total effect (), a significant effect of the independent variable on the mediator (), and a significant effect of the mediator on the dependent variable (), with the direct effect () remaining significant—constitutes evidence of partial mediation. The negative sign of the mediating effect () indicates that human capital is a suppressing mediator: economic development promotes human capital, but the human capital accumulated does not translate into stronger green innovation.
This negative mediation provides empirical support for Hypothesis H3 and corroborates the "green talent misallocation" interpretation advanced in Section 2. In highly developed cities, the educated workforce appears to gravitate toward conventional high-return sectors—finance, real estate, traditional technology—rather than toward green innovation activities. This finding carries important policy implications: simply expanding higher education and attracting educated workers may be insufficient to promote green innovation without complementary measures to channel talent toward environmental technology sectors.
It is noteworthy that the direct effect of economic development on green innovation (c' = 1.971) exceeds the total effect (c = 1.649), a pattern characteristic of inconsistent mediation or suppression (MacKinnon, Krull, & Lockwood, 2000). In such cases, the mediator does not transmit but rather masks part of the independent variable's true effect. Substantively, this indicates that the negative mediating pathway through human capital partially offsets the positive direct effect of economic development on green innovation. Once this suppressing channel is statistically controlled, the genuine magnitude of economic development's contribution to green innovation becomes more apparent.
4.3 Heterogeneity Analysis
Table 7 reports the results of subsample regressions examining whether the core relationships differ across city tiers. Column (1) presents estimates for the high-tier city group (Shanghai plus new first-tier/provincial capital cities); Column (2) presents estimates for ordinary prefecture-level cities.
Table 7. Heterogeneity Analysis by City Tier
	Variable
	High-tier cities
	Ordinary cities

	ln_EG
	1.8070*** (0.2089)
	2.0308*** (0.1357)

	ln_FDI
	-0.0061 (0.0144)
	0.0179* (0.0070)

	ln_HC
	-0.0959*** (0.0261)
	-0.1311*** (0.0247)

	urban_rate
	0.6014*** (0.0740)
	0.3825*** (0.0672)

	infra
	0.0734* (0.0288)
	0.2273*** (0.0181)

	FD
	-0.0720 (0.0630)
	0.0106 (0.0330)

	industry
	0.1135 (0.1028)
	-0.1875** (0.0674)

	pop_density
	-0.2985*** (0.0786)
	-0.0845 (0.0470)

	_cons
	-0.8840 (0.6883)
	-2.9287*** (0.4587)

	N
	105
	510

	Within R²
	0.9085
	0.8070


Note: Standard errors in parentheses. *P< 0.05, **P< 0.01, ***P< 0.001. High-tier cities include Shanghai (direct-administered municipality), the provincial capitals of Nanjing, Hangzhou, and Hefei, and the new first-tier cities of Suzhou, Ningbo, and Wuxi. Ordinary cities include the remaining 34 prefecture-level cities.
In high-tier cities, the coefficient of FDI is -0.006, which is statistically indistinguishable from zero (P= 0.675). However, given the limited sample size of this group (N = 105, comprising only 7 cities), this non-significance may partly reflect insufficient statistical power rather than a genuine absence of an FDI effect. The point estimate for ordinary cities is positive and significant (β = 0.018, P< 0.05). We therefore interpret the heterogeneity pattern cautiously: the FDI effect is clearly present in ordinary cities, but we cannot definitively rule out a weaker positive effect in high-tier cities given the small number of clusters.
For ordinary prefecture-level cities, the coefficient on economic development is 2.032 (P < 0.001), slightly larger than the high-tier city estimate and the full-sample coefficient. FDI is positive and statistically significant in this group (, ), mirroring the full-sample finding. The within- of 0.807 confirms strong explanatory power.
Two patterns in these heterogeneity results merit discussion. First, the economic development effect is consistently positive and significant across both city groups, confirming the robustness of H1. The somewhat larger elasticity for ordinary cities (2.03 vs. 1.80) may reflect a catching-up effect: at lower initial levels of green innovation—the mean ln_GI for ordinary cities is 2.10 compared to 2.36 for high-tier cities—a given increase in economic prosperity triggers more rapid green innovation growth.
Second, and more notably, FDI's green innovation effect is entirely concentrated in ordinary cities. This finding aligns with the interpretation that FDI operates as a technology diffusion channel that is most impactful when the existing technology gap is larger. In high-tier cities, where indigenous innovation capacity is already strong and the technology frontier is closer to international standards, additional FDI may generate diminishing marginal returns in terms of green innovation spillovers. In contrast, ordinary cities, with less developed indigenous innovation systems, benefit more substantially from the technology and management practices that FDI brings.
The insignificance of FDI in high-tier cities also suggests a potential "FDI saturation" effect: these cities already host substantial foreign investment, and additional FDI inflows may not generate the same marginal green innovation benefits as in cities where foreign presence is still relatively limited. This finding has direct policy relevance, suggesting that FDI attraction efforts aimed at promoting green innovation should be spatially targeted toward lower-tier cities rather than concentrated in already FDI-rich metropolitan areas.
This finding is consistent with the results of Yan et al. (2025), who also found that FDI significantly promotes green technology innovation in Chinese cities. Unlike previous studies that focused on national-level data, our study further confirms this positive effect in the economically developed Yangtze River Delta region, and further explores the mediating role of human capital, which enriches the existing research on the impact mechanism of FDI on green innovation.
4.4 Robustness Checks
Table 8 presents the results of three robustness checks designed to verify the reliability of our core findings.
Table 8. Robustness Checks and Endogeneity Treatment
	Variable
	(1) Baseline FE
	(2) Alternative EG measure
	(3) IV estimation

	ln_EG
	1.9710*** (0.1205)
	
	1.5972*** (0.1351)

	ln_income
	
	1.2710*** (0.1094)
	

	ln_FDI
	0.0186** (0.0065)
	0.0329*** (0.0072)
	0.0151* (0.0059)

	ln_HC
	-0.1358*** (0.0214)
	0.0282 (0.0212)
	-0.1358*** (0.0205)

	urban_rate
	0.4341*** (0.0583)
	0.4688*** (0.0670)
	0.4679*** (0.0553)

	infra
	0.1877*** (0.0152)
	0.1836*** (0.0168)
	0.1686*** (0.0144)

	FD
	0.0076 (0.0301)
	0.0810* (0.0337)
	-0.0545* (0.0278)

	industry
	-0.0713 (0.0574)
	0.2369*** (0.0550)
	0.0147 (0.0560)

	pop_density
	-0.0477 (0.0397)
	-0.0362 (0.0433)
	0.0162 (0.0373)

	_cons
	-3.0519*** (0.3861)
	-1.0140** (0.3637)
	-2.5763*** (0.4029)

	N
	615
	613
	574

	Within R²
	0.8038
	0.7665
	0.7705


Note: Standard errors in parentheses. *P< 0.05, **P< 0.01, ***P< 0.001. Column (2) replaces ln_EG with ln_income (natural logarithm of average urban income). Column (3) uses one-period lagged ln_EG as instrumental variable. First-stage F-statistic exceeds 3200, rejecting the null of weak instruments.
Column (1) reproduces our preferred baseline specification from Table 5, Column (3), for ease of comparison. Column (2) reports estimates using an alternative measure of economic development---the natural logarithm of average urban income---replacing per capita GDP. The coefficient on ln_income is 1.288 (P < 0.001), somewhat smaller than the baseline EG coefficient but directionally consistent and strongly significant. FDI remains positive and significant (β = 0.038, P < 0.001). This alternative specification confirms that our core finding---economic development positively drives green innovation---is not an artifact of the specific GDP-based measurement. *、Notably, when ln_income replaces ln_EG, the negative coefficient on ln_HC becomes statistically insignificant (β = 0.028, P > 0.10), whereas in the baseline specification ln_HC was negative and highly significant (β = -0.136, P < 0.001). This suggests that the suppressing mediation of human capital is specific to per capita GDP as the economic development measure, potentially reflecting that average urban income captures household welfare rather than the broader productive capacity and innovation infrastructure that per capita GDP represents.*、
Column (3) addresses endogeneity concerns through instrumental variable estimation, using the one-period lag of economic development as an instrument. The IV estimate for economic development is 1.606 (), somewhat attenuated from the FE estimate of 1.973 but remaining highly significant. The attenuation is consistent with the expectation that FE estimates may partially capture reverse causality from green innovation to economic development. Importantly, the IV estimate remains economically large and statistically significant at the 1% level, confirming that the positive effect of economic development on green innovation is not primarily driven by reverse causation. The first-stage -statistic exceeds 3,200, far above the Stock-Yogo weak instrument critical values, confirming instrument relevance.
FDI remains positive and significant in the IV specification (β = 0.015, P < 0.05), and human capital retains its negative coefficient (, P < 0.001). The stability of these estimates across FE and IV specifications reinforces confidence in the robustness of our findings.
4.5  Summary and Discussion of Empirical Findings
Before proceeding to conclusions and policy implications, we briefly summarize the principal empirical findings that have emerged from our analysis:
Economic development is the strongest driver of urban green innovation in the Yangtze River Delta. Across all model specifications—pooled OLS, city fixed effects, two-way fixed effects, and IV estimation—the coefficient on economic development is consistently positive and significant at the 1% level. The preferred FE elasticity estimate of 1.97 indicates that a doubling of per capita GDP is associated with a near-doubling of green patent output.
FDI exerts a positive but conditional effect on green innovation. FDI's contribution is not detectable in pooled OLS but becomes significant after controlling for city fixed characteristics. This pattern explains why prior research using cross-sectional methods has produced inconsistent findings regarding FDI's environmental impact. Furthermore, the positive FDI effect is concentrated in ordinary prefecture-level cities and is absent in high-tier metropolitan areas.
Human capital plays a suppressing mediating role. Economic development promotes human capital accumulation, but higher human capital is associated with lower green innovation, conditional on economic development. This "green talent misallocation" pattern suggests that the sectoral destination of educated workers—rather than merely their quantity—determines human capital's contribution to green innovation.
These findings contribute to the existing literature in three key ways. First, the robust positive effect of economic development on green innovation across all model specifications confirms that sustained economic growth provides the necessary financial and institutional foundation for green innovation activities, consistent with the resource-based view of innovation. The large elasticity estimate of 1.97 further highlights the strong complementary relationship between economic development and green innovation in the Yangtze River Delta context. Second, the conditional positive effect of FDI aligns with the “pollution halo hypothesis” and echoes the findings of Yan et al. (2025), who document similar FDI-driven green technology innovation in Chinese cities. Our analysis further clarifies that this effect is only observable when controlling for city-level fixed effects, suggesting that the local institutional environment and initial innovation capacity are critical enabling factors for FDI’s spillover benefits. Third, the negative mediating role of human capital supports the argument of green talent misallocation, where skilled labor may be concentrated in non-green sectors or large cities, limiting its contribution to inclusive green innovation. This finding extends the work of Wang et al. (2023) by linking FDI dynamics to human capital allocation and green productivity in the Yangtze River Delta. Collectively, these results underscore the need for targeted policies that leverage economic growth and FDI while addressing human capital misallocation to foster more balanced and inclusive green innovation across the region.
5. Conclusion and Policy Implications
5.1 Conclusions
Based on the panel data of 41 cities in the Yangtze River Delta from 2009 to 2023, this study draws the following evidence-based conclusions: (1) Economic development has a significant positive impact on urban green innovation in the region, as verified by the benchmark regression results (Table 5, Column 3). (2) FDI also significantly promotes urban green innovation, consistent with the "pollution halo" hypothesis (Table 5, Column 3). (3) Human capital plays a significant suppressing mediating role between economic development and green innovation, as confirmed by the mediating effect test (Table 6).
First, economic development exerts a strong and robust positive effect on urban green innovation. The estimated elasticity of approximately 1.97 in our preferred specification indicates that economic prosperity is the single most important driver of green innovation capacity in YRD cities. This finding aligns with the predictions of directed technical change theory and the Environmental Kuznets Curve transition mechanism, confirming that economic growth and environmental innovation can be complementary rather than competing objectives.
Second, FDI contributes positively to green innovation, but this effect is conditional. Our analysis reveals that FDI's positive impact only becomes apparent after controlling for city fixed effects, explaining why previous studies using cross-sectional methods have produced conflicting results. Furthermore, the FDI effect is significant for ordinary prefecture-level cities but not for core metropolitan areas, suggesting that FDI operates as a technology diffusion channel whose marginal benefit diminishes as indigenous green innovation capacity strengthens.
Third, human capital mediates the relationship between economic development and green innovation in a suppressing manner. While economic development promotes human capital accumulation, the accumulated human capital is associated with reduced green innovation—a pattern we attribute to the sectoral misallocation of educated workers toward conventional high-return sectors at the expense of green technology fields. This finding qualifies the conventional wisdom that human capital is an unambiguously positive force for innovation.
5.2 Policy Implications
Our findings carry several targeted policy implications.
First, maintain economic growth as a foundation for green innovation. The strong positive elasticity linking economic development to green innovation suggests that policies that prematurely constrain economic growth in pursuit of environmental objectives may be counterproductive. Instead, sustained economic prosperity provides the financial resources, market demand, and institutional capacity that underpin green technology development. Growth-promoting policies and green innovation objectives should be pursued synergistically rather than treated as trade-offs.
Second, spatially target FDI attraction toward ordinary prefecture-level cities. The concentration of FDI's green innovation benefits in lower-tier cities implies that FDI promotion policies aimed at fostering green technology should be redirected from already FDI-saturated metropolitan areas toward cities where foreign investment can generate larger marginal green spillovers. This recommendation is consistent with the broader principle of spatially balanced development.
Third, address green talent misallocation through incentive restructuring. Our finding that human capital negatively mediates green innovation highlights a structural problem: educated workers are insufficiently attracted to green technology sectors. Policy interventions could include: (a) wage subsidies and tax incentives for employment in green R&D, (b) green entrepreneurship support programs in higher education institutions, (c) strengthened linkages between university environmental science programs and local green industries, and (d) public recognition and career advancement pathways for green technology professionals.
Fourth, implement differentiated strategies across city tiers. The heterogeneity analysis indicates that a uniform policy approach is inappropriate. High-tier cities, where FDI's green innovation effect is saturated, should focus on cultivating indigenous green innovation capacity and addressing the talent allocation challenge. Ordinary cities should leverage both continued economic growth and targeted FDI attraction to build their green innovation systems, potentially benefiting from technology spillovers from neighboring core cities.
5.3 Policy Recommendations
Based on the above empirical findings, this study proposes the following targeted policy recommendations for promoting urban green innovation in the Yangtze River Delta.
First, adhere to high-quality economic development as the core driving force. Local governments should continue to promote industrial transformation and upgrading, increase investment in science and education, and consolidate the material foundation for green innovation.
Second, implement differentiated FDI attraction strategies. Priority should be given to introducing green and technology-intensive FDI in ordinary prefecture-level cities to give full play to the technology spillover effect of FDI. In high-tier cities, focus should be placed on optimizing the quality of foreign investment rather than the quantity.
Third, optimize the allocation mechanism of human capital. Establish talent guidance policies to encourage high-skilled talents to flow into green technology industries, solve the problem of green talent misallocation, and enhance the supporting role of human capital in green innovation.
Fourth, strengthen regional coordinated development. Promote the sharing of green innovation resources among cities at different levels, narrow the urban green innovation gap, and realize the coordinated improvement of green innovation capacity in the whole Yangtze River Delta region.
5.4 Future Research Directions
This study can be further expanded and improved in the following aspects in the future.
First, expand the research scope. Future research can include more urban agglomerations such as the Pearl River Delta and Beijing-Tianjin-Hebei region to enhance the universality of the conclusions.
Second, enrich the measurement indicators of green innovation. In addition to green patents, multi-dimensional indicators such as green process innovation and green management innovation can be incorporated to make the measurement more comprehensive.
Third, introduce more influence mechanisms. Future studies can further explore the moderating or mediating effects of environmental regulation, digital economy, and industrial agglomeration in the impact of economic development and FDI on green innovation.
Fourth, adopt spatial econometric models. Considering the spatial spillover effect of green innovation among cities, spatial Durbin model or other spatial measurement methods can be used for deeper empirical analysis.
5.5 Research Limitations
This study has several limitations that can be further improved in future research. First, the study only selects 41 cities in the Yangtze River Delta as the research sample, and the conclusions may have certain regional applicability limitations. For the central and western regions of China with different levels of economic development and urbanization, the applicability of the conclusions needs to be further verified by expanding the sample range. Second, this study uses green patents to measure urban green innovation, which cannot fully cover all forms of green innovation activities (such as green process innovation, green management innovation, etc.). Future research can construct a more comprehensive green innovation evaluation index system to improve the accuracy of variable measurement. Third, the study only explores the mediating effect of human capital, and other potential impact mechanisms (such as industrial structure upgrading, technological progress, environmental regulation intensity, etc.) are not included in the analysis framework. Future research can expand the analysis of the influence mechanism to more deeply reveal the internal logic of economic development and FDI affecting urban green innovation. Fourth, the spatial spillover effects of green innovation among cities are not considered in the empirical model. Future research can adopt spatial econometric models to test the spatial spillover effect of urban green innovation between cities in the Yangtze River Delta, so as to enrich the empirical evidence of the study.
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