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Addressing global climate change and advancing sustainable development necessitates bolstering urban green technology innovation, since cities are the main source of energy consumption and carbon emissions. This study focuses on China’s Fuel Cell Vehicle Demonstration policy to explore its influences on urban green technology innovation performance. By employing a quasi-natural experimental method and the Difference-in-Differences model, combined with data from 283 Chinese cities from 2014 to 2023, this paper provides an in-depth analysis of the impact of the policy on urban green technology innovation. It was found that the policy significantly enhances urban green technology innovation in demonstration cities. Heterogeneity analysis reveals that the policy exerts a more pronounced effect on promoting urban green technology innovation in cities in eastern China and non-resource-based cities. Spatial analysis indicates that the policy exhibits a positive spatial spillover effect on urban green technology innovation in neighboring cities. However, a siphon effect was also observed between urban green technology innovation levels across them. The study recommends that central authorities tailor strategies to cities’ geographic and resource profiles. It also recommends establishing intercity collaboration platforms and innovation resource compensation mechanisms. These measures aim to mitigate regional disparities and siphon effects, ensuring inclusive green technology development. These findings provide actionable insights for China’s national development strategy for the fuel cell vehicle industry and global low-carbon transportation transitions.
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1 Introduction

The global imperative to mitigate climate change has intensified the urgency for decarbonization across all economic sectors. The transportation sector accounts for approximately 15% of global greenhouse gas emissions (Statista, 2025). As nations strive to meet the Paris Agreement’s 1.5 °C target, the transportation sector—now the second-largest source of global greenhouse gas emissions—has emerged as a focal point for systemic transformation. According to the Emissions Gap Report released by the United Nations Environment Programme (2024) (UNEP), 42% of greenhouse gases will be cut by 2030 and 57% by 2035 to get on track for the Paris Agreement’s 1.5 °C goal. This underscores the need for a quicker transition to low-carbon transportation, necessitating unprecedented innovation acceleration in green mobility solutions.

Boosting innovation is considered a priority action to prepare for the next phase of the transition. Clean energy innovation must accelerate rapidly, with governments putting research and design (R&D), demonstration, and deployment at the core of energy and climate policy (International Energy Agency, 2021). Such innovation gaps are particularly acute in heavy-duty transport, where hydrogen fuel cell vehicles (FCVs) emerge as critical for decarbonizing long-haul freight and energy-intensive logistics (Intergovernmental Panel on Climate Change, 2023). Consequently, FCVs have been elevated to the strategic priority status in national climate agendas. Major economies have enacted policy instruments positioning innovation as a cornerstone pathway to advance hydrogen transportation development. China, the world’s largest carbon emitter, has positioned green transportation at the core of its dual-carbon strategy. When compared with developed economies, China continues to exhibit disparities in the depth and quality of innovation, as well as in achieving breakthroughs in critical core technologies. The enabling role of green technologies requires systematic enhancement to meet evolving sustainability demands (Luo, 2023). As China continues to shift to a green development model, its technological innovation capabilities can bring about changes in the economic and social structure and promote endogenous economic growth (Aghion et al., 2015), thereby driving the level of green development (Bai et al., 2024).

The Fuel Cell Vehicle Demonstration (FCVD) policy is a crucial initiative by the Chinese government to promote green and low-carbon transportation transformation. Departing from the conventional subsidy-driven policy framework (2009–2022) historically employed by the Chinese government to bolster the electric vehicle industry, the FCVD policy innovatively introduced a “performance-based incentives” framework to propel the development of the fuel cell vehicle industry. In 2021, the demonstration areas were jointly initiated by five units of the People’s Republic of China. These units include the Ministry of Finance, Ministry of Industry and Information Technology, Ministry of Science and Technology, National Development and Reform Commission, and National Energy Administration. The demonstration areas encompass three direct-controlled municipalities and 35 prefecture-level cities. The geographical distribution of demonstration cities is displayed in Figure 1. Extant literature predominantly focuses on low-carbon pilot policy (Wang and Chu, 2024; Zhao et al., 2025), new energy demonstration policy (Hu and Xu, 2025), and renewable energy policies (Wu et al., 2023; Zha et al., 2023), with scarce research on the hydrogen fuel cell vehicle demonstration program and limited empirical assessments of its effectiveness. Given the FCVD initiative has been in effect for a considerable period and datasets are now available, this study addresses the following questions: Within China’s green transition trajectory, does the establishment of FCVD areas effectively elevate urban green technology innovation (UGTI) capacity? Do heterogeneous impacts emerge in UGTI from such initiatives across cities with divergent geographical positioning and resource endowments? Furthermore, what spatial spillover mechanisms, if any, characterize the policy and the UGTI development? To systematically investigate these questions, we conduct a quasi-experimental analysis of panel data covering 283 Chinese cities from 2014 to 2023 by employing a Difference-in-Differences (DID) model, Spatial Durbin Difference-in-Differences model (SDM-DID) and heterogeneity analysis, rigorously evaluating both the direct innovation-enhancing effects of demonstration policy implementation and the cross-regional spillover effects.
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FIGURE 1
 Geographical distribution of the demonstration cities.




2 Research hypotheses

Environmental regulations play a significant role in promoting green innovation and industrial green development (Peng et al., 2021; Zhang, 2022). Existing studies reveal that energy transition policies can promote urban green innovation through multiple pathways, including enhancing green total factor productivity, rectifying land-use inefficiencies, alleviating resource dependence (He, 2025), and industry evolution (Yu et al., 2024). As a pivotal policy instrument to advance fuel cell vehicle industry development, the FCVD initiative, particularly, aims to stimulate breakthroughs in core technologies and foster the adoption of hydrogen fuel cell vehicles. Through its performance-based incentives, this framework mobilizes demonstration cities to prioritize and intensify R&D investments and scale pilot deployments. It drives the adoption of cutting-edge technologies and materials and catalyzes green innovation across industrial supply chains. By integrating technological advancement with market-driven experimentation, the policy can establish a synergistic ecosystem for low-carbon transitions. In light of this, this paper proposes:


Hypothesis 1: The FCVD policy effectively stimulates UGTI.


China boasts a vast expanse, with substantial disparities prevailing across its regions in terms of geographical and natural conditions, economic development levels, degree of international openness, and historical development trajectories (Pan et al., 2022). The spatial distribution of FCVD cities is quite uneven, with 27 located in the eastern region (accounting for 71.1% of total FCVD cities), 7 in the central region (18.4%), and 4 in the western region (10.5%). Studies demonstrated that the location of pilot programs directly affects the success of reforms (Heilmann, 2008; Wang and Yang, 2021). Given the inherent technical complexities, capital-intensive requirements, and multidisciplinary nature of fuel cell technology development, advanced R&D infrastructure and highly specialized professionals become particularly imperative. The eastern region demonstrates significant advantages over the central and western regions in industrial green transformation, macroeconomic growth, a higher-skilled workforce, and transportation convenience (Lyu et al., 2019), which collectively contribute to its substantially stronger technological innovation capabilities. In light of this, this paper proposes:


Hypothesis 2a: FCVD policy exhibits a stronger innovation stimulation effect in cities in eastern China compared to cities in the central and western regions.


The trajectory of urban low-carbon transformation is influenced by the dynamic changes in urban resource endowments (Liu et al., 2024), a principle that equally governs the strategic deployment of fuel cell technologies as critical enablers in this process. Resource-based cities serve as crucial strategic hubs for China’s energy and resource reserves. Historically reliant on extracting and processing abundant natural resources, these cities have developed a characteristic high-carbon development pattern (Wang et al., 2025). This dependence ultimately hinders sustainable economic growth. The transformation towards the green development pattern becomes imminent (Cong et al., 2019). In contrast, non-resource-based cities exhibit a greater capacity to overcome the lock-in effects of energy infrastructure owing to their diversified economic structures and reduced reliance on traditional resources (Guo and Yu, 2024). The economic development of these cities is primarily driven by emerging industrial policies. This dynamic enables swift responses to policy incentives and facilitates effective integration of innovative technologies across multiple sectors (Liu et al., 2024). In light of this, this paper proposes:


Hypothesis 2b: FCVD policy exhibits a stronger innovation stimulation effect in cities in non-resource-based cities compared to resource-based cities.


Geographical context plays a significant role in determining the factors affecting regional innovation (Xiao et al., 2024). Empirical studies (Chen et al., 2023; Shang et al., 2022; Ma et al., 2024) established that urban pilot and demonstration policies targeting advanced technology development generate significant spatial spillover effects on urban green innovation in China. First, demonstration regions adopting advanced fuel cell technologies and innovative practices can create demonstration effects. Neighboring regions can subsequently learn from and emulate these effects. Second, policy incentives and market mechanisms in demonstration regions can stimulate the adoption of green innovations, thereby facilitating the development of sustainable industrial ecosystems. Such dynamics compel enterprises in non-demonstration regions to undertake technological modernization through environmentally conscious production methodologies. Third, policy can heighten social awareness of green technology adoption for sustainable transitions in demonstration regions. This also stimulates greater environmental protection focus in surrounding regions and inspires them to adopt eco-friendly lifestyles. In light of this, this paper proposes:


Hypothesis 3: The FCVD policy will generate a positive spillover effect on UGTI in non-demonstration areas.




3 Research design


3.1 Model establishment


3.1.1 Benchmark regression model

We employs a quasi-natural experiment (QNE) approach with a DID model to rigorously assess the impact of China’s FCVD policy on UGTI. The core concept of this methodology centers on treating new policy introductions as a “quasi-natural experiment” exogenous to the economic system (Baker et al., 2022). The QNE leverages the exogenous variation and mitigates endogeneity risks by treating policy implementation as a quasi-random event, allowing for a credible assessment of causality. The DID model complements this design by explicitly controlling for time-invariant heterogeneity and common time trends through the double differencing mechanism. The DID model is particularly appealing for addressing the challenge of using observational data to assess policy intervention effectiveness when randomized controlled trials are infeasible. Additionally, the DID model demonstrates robustness even with limited observations. Unlike parametric models sensitive to sample size, the DID model relies on the parallel trends assumption, which can be validated through pre-treatment period tests (Angrist and Pischke, 2009). In this study, the 38 demonstration cities and 245 control cities provide sufficient variation to detect policy effects while maintaining statistical power, especially when combined with fixed effects to absorb unobserved heterogeneity. In combination, this integrated framework offers a methodologically robust approach to establishing causal identification in the evaluation of FCVD policy. The specific model is as follows:
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where, i and t represent cities and years, respectively; GIPGit (green invention patent grants) represents the number of green invention patent grants of the city i in the year t. If city i is a demonstration city in year t, then didit = 1; otherwise, didit = 0. Thus, the didit is the core explanatory variable in this study. Controlit represents the control variable set. μi is the city-related fixed effect; γt is the time-related fixed effect. εit represents the random error. This research focuses on the positive and negative direction of coefficient α1 and its significance.



3.1.2 Spatial DID model

According to Hypothesis 3, the FCVD policy not only affects demonstration cities but also generates effects across neighboring regions, indicating the presence of spatial spillover effects. Following the hierarchical testing principle in spatial econometrics (Elhorst, 2014; LeSage and Pace, 2009) and empirical studies (Lee et al., 2022; Dian et al., 2024), we prioritize the SDM-DID to further examine the spatial effect of FCVD policy in this context.
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where, ω is a geospatial weight matrix generated from latitude and longitude distances; ρ is the spatial autocorrelation coefficient of the dependent variable; α2 is the policy spillover effect; and β2 is the spillover effect of the control variable.

This paper verifies the model selection by conducting the Likelihood Ratio (LR) and the Wald tests to ensure its reasonableness. The results of both tests reject the null hypothesis, which indicates that the SDM does not deteriorate into the Spatial Lag Model (SLM) or the Spatial Error Model (SEM). The Hausman test is used to ascertain if it applies to fixed or random effects.



3.1.3 Spatial weight matrix

This study draws on Feng and Li (2021) and Wang et al. (2023) to adopt the inverse distance matrix for spatial measurement analysis. The inverse distance matrix is:
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, dij stands for the straight-line distance between city i and j, and the main diagonal elements are all 0. We compute inter-city distances using latitude and longitude data from China’s National Basic Geographic Information System. The matrix is standardized in the regression analysis.




3.2 Variable definition


3.2.1 The dependent variable and independent variable

Based on the existing literature, the number of GIPG intuitively quantifies the performance of green innovation. Green invention patent grants refer to the legally conferred invention patents in environmentally sustainable technologies, as classified by International Patent Classification (IPC) codes aligned with the World Intellectual Property Organization (WIPO) Green Inventory. Hence, city-level GIPG serves as the dependent variable. The independent variable did captures the implementation of the FCVD policy. The dummy variable did equals 1 if a city i was designated as an FCVD demonstration area in a given year t, and 0 otherwise. Specifically, did represents a Difference-in-Differences indicator we created, constituting an interaction between the treatment variable “Treated” and before/after variable “Post.” The treatment variable “Treated” is a dummy variable equal to 1 for the treatment group and 0 for the control group. The treatment group comprises the 38 demonstration cities designated by China’s central government, whereas the control group includes the remaining 245 cities in the sample. The before/after variable “Post” is a dummy variable equal to 1 for 2021–2023 (policy implementation period) and 0 otherwise. The variable did is central to our quasi-experimental design, as its coefficient represents the treatment effect of FCVD policy on UGTI.



3.2.2 Control variable

In addition to policy variables, the city’s investment in innovation system construction, government support, and regional economic and social development level will also affect the optimal allocation of green innovation resources. Thus, we select the following as control variables:

	1. Economic development level (econ) is measured using the natural logarithm of per capita GDP at the city level.

	2. Government fiscal pressure (fis) is assessed by the fiscal deficit/surplus at the city level.

	3. Government investment in science and technology (sci) is measured by the proportion of government science and technology fiscal expenditure to local GDP at the city level.

	4. Level of Industrialization (industry) is assessed by the proportion of added value of the secondary industry to local GDP at the city level.

	5. Financing capacity (fin) is demonstrated by the ratio of year-end RMB-denominated total deposit and loan balances held by financial institutions to local GDP at the city level.

	6. Information technology development level (info) is indicated by the ratio of the volume of post and telecommunications services at the end of the year to local GDP at the city level.

	7. Government investment in energy conservation and efficiency (eco) is measured by the government expenditure on energy conservation and efficiency to local GDP at the province level.

	8. Human capital accumulation (human) is measured by the ratio of enrolled students in regular higher education institutions to the year-end resident population at the province level.

	9. Economic openness (open) is indicated by the ratio of foreign direct investment to local GDP at the province level.






3.3 Sample selection and data sources

This study utilized panel data from 283 Chinese cities spanning 2014–2023. Within this sample, 38 cities participated in the Fuel Cell Vehicle Demonstration (FCVD) program during its implementation phase (2021–2023). These 38 cities constitute the treatment group, while the remaining 245 cities serve as the control group. When specific districts or zones were designated FCVD areas, the entire city was adopted as the observational unit given the economic significance of these zones and the use of municipal-level data. Cities in less developed regions (e.g., Xizang Autonomous Region and Xinjiang Uygur Autonomous Regions) were excluded due to severe data limitations. Data were sourced from China City Statistical Yearbook, China Statistical Yearbook, and the China National Intellectual Property Administration database. Table 1 presents descriptive statistics for all variables.


TABLE 1 Summary statistics.


	Variable
	Count
	Mean
	S.D.
	Min
	Max

 

 	GIPG 	2,830 	0.1337 	0.5289 	0 	11.7600


 	did 	2,830 	0.0403 	0.1967 	0 	1


 	econ 	2,830 	1.7028 	0.5298 	0.0170 	3.2760


 	fis 	2,830 	2.3705 	2.1177 	−1.6728 	28.6379


 	info 	2,830 	0.5807 	0.7259 	0.0253 	13.5697


 	sci 	2,830 	0.0186 	0.0196 	0.0005 	0.2068


 	industry 	2,830 	0.4250 	0.1056 	0.1068 	0.7553


 	fin 	2,830 	2.8068 	1.2729 	0.7167 	21.3015


 	eco 	2,830 	0.0065 	0.0037 	0.0019 	0.0434


 	human 	2,830 	0.0221 	0.0046 	0.0092 	0.0437


 	open 	2,830 	0.6548 	3.2174 	0.0503 	91.4019




 




4 Empirical results


4.1 Benchmark regression results

The empirical analysis begins by estimating the impact of the FCVD policy on UGTI using the baseline model outlined in Equation 1. To systematically isolate the policy’s causal effect, the regression framework progressively introduces control variables and fixed effects. In Table 2, Columns (1) and (2) present initial estimates without control variables, isolating the raw association between the FCVD policy (did) and UGTI. Column (1) employs a simple regression structure, while Column (2) incorporates city-fixed effect and year-fixed effect to account for unobserved heterogeneity across regions and temporal trends. Column (3) builds on this foundation by introducing a comprehensive set of control variables to mitigate potential confounding bias. This incremental approach ensures robustness, as the coefficient of did remains statistically significant (at the 5% level). Further refinement is applied in Column (4), which adds city-year interactive terms (specifically, interactions between city dummies and linear time trends) to control for heterogeneous time trends specific to individual cities. This specification addresses concerns that pre-existing divergent growth trajectories between treated and control cities might distort policy effect estimates. Compared with the non-demonstration cities, policy implementation enhanced the UGTI of the demonstration cities by 0.2237. Across all columns, the coefficient of did consistently demonstrates a positive and statistically significant relationship (p < 0.05), confirming that the FCVD policy robustly stimulates UGTI in demonstration cities. These results validate Hypothesis 1 and underscore the policy’s effectiveness as a catalyst for green innovation.


TABLE 2 Benchmark regression results.


	Variable
	(1)
	(2)
	(3)
	(4)



	GIPG
	GIPG
	GIPG
	GIPG

 

 	did 	0.7146** 	0.4203** 	0.3345** 	0.2237**


 	(2.4954) 	(2.3839) 	(2.2129) 	(2.2294)


 	econ 	 	 	−0.1067 	−0.0882**


 	 	 	(−1.2339) 	(−2.2244)


 	fis 	 	 	0.1037*** 	−0.0305


 	 	 	(3.4785) 	(−1.2340)


 	info 	 	 	−0.0070 	−0.0201


 	 	 	(−0.4026) 	(−1.3661)


 	sci 	 	 	2.8850*** 	−1.3291*


 	 	 	(3.1225) 	(−1.6829)


 	industry 	 	 	−0.1005 	−0.0670


 	 	 	(−0.4785) 	(−0.7038)


 	fin 	 	 	−0.0008 	0.0045


 	 	 	(−0.1055) 	(1.0697)


 	eco 	 	 	−8.9632 	4.7703


 	 	 	(−0.8183) 	(1.5850)


 	human 	 	 	−40.9529** 	−2.4167


 	 	 	(−2.3282) 	(−0.4984)


 	open 	 	 	−0.0013 	−0.0004


 	 	 	(−0.9411) 	(−0.4581)


 	Constant 	0.1049*** 	0.1168*** 	1.0143*** 	0.4219***


 	(5.8206) 	(16.4442) 	(2.8056) 	(3.0963)


 	Observations 	2,830 	2,830 	2,830 	2,830


 	R-squared 	0.071 	0.812 	0.840 	0.968


 	City FE 	No 	Yes 	Yes 	Yes


 	Year FE 	No 	Yes 	Yes 	Yes


 	City × Year FE 	No 	No 	No 	Yes





t statistics are shown in parentheses; ***, **, and * represent significance at the 1, 5, and 10% levels, respectively.
 



4.2 Robustness tests


4.2.1 Parallel trend test

The use of the DID model requires meeting the parallel trends assumption to ensure the unbiasedness of the estimates. In the benchmark model, the parallel trends assumption assumes that before the implementation of the FCVD policy, the GIPG of both demonstration cities and non-demonstration cities were largely consistent over time. The breaking of parallel trends between the treatment group and the control group after the implementation of the FCVD policy indicates a trend change in UGTI of demonstration cities compared to non-demonstration cities. The first year is designated as the base year in the regression, and Figure 2 is generated using the regression results. As shown in Figure 2, with the horizontal axis at 0 representing the first year of policy implementation, the coefficient estimates of key explanatory variable did for all periods before the FCVD policy are not statistically significant. This suggests that before the implementation, there were no significant differences in the changes in UGTI between the experimental and control group cities, and the research sample passes the parallel trends test.” Furthermore, starting from the policy’s first implementation year, the FCVD policy significantly stimulated UGTI in participating cities. As the demonstration period extended, the policy impact progressively intensified.
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FIGURE 2
 Parallel trend test for GIPG.


However, the latest DID theoretical literature indicates that pre-treatment trend tests cannot serve as effective empirical evidence for the parallel trend assumption. Traditional pre-treatment trend tests have low statistical power and may distort estimates and inferences. To address this limitation, Rambachan and Roth (2023) developed a sensitivity analysis framework for violations of the parallel trend assumption. This framework involves conducting a sensitivity analysis of the post-treatment point estimates and confidence intervals. Specifically, the test comprises two parts: (a) constructing the maximum degree of deviation from the parallel trends assumption (Mbar), and (b) constructing the confidence interval of the post-treatment point estimate corresponding to this degree of deviation. The confidence interval of the post-treatment point estimate does not include zero under the scenario of maximum deviation, which suggests that the treatment effect is robust to deviations from the parallel trend assumption. Following the approach of Biasi and Sarsons (2022), this paper sets the maximum deviation Mbar = 1 × standard error, to test the sensitivity of the treatment effect to parallel trends following the implementation of the policy. Panel (A) and panel (B) in Figure 3 present sensitivity analysis results for the treatment effect in the first policy year under bounding relative magnitudes and smoothness restrictions, respectively. The analysis demonstrates robust parallel trends in both specifications. Even at 60% pre-treatment trend bias under smoothness restrictions, the policy effect remains statistically significant in the implementation year. The results indicate that FCVD significantly boosts UGTI despite potential parallel trend violations.

[image: Two bar graphs display 95% confidence intervals for Mbar. Both graphs have a dashed baseline at zero. In Graph A, the intervals remain entirely above the dashed zero baseline across all plotted values. In Graph B, intervals remain above zero for values from the original to 0.054. For Mbar values of 0.063 and above, the lower bounds of 95% confidence intervals cross the dashed baseline at zero.]

FIGURE 3
 (A,B) Parallel trend sensitivity tests.




4.2.2 Placebo test

Placebo tests can further eliminate the influence of other policy-related or random factors on experimental results. We implement double randomization: (1) select 38 control cities matching treatment group size, and (2) assign random policy timings. Specifically, 38 virtual treatment groups and their respective policy implementation periods were randomly chosen each time, and repeated 500 times, resulting in 500 regression coefficients and their corresponding p-values. Figure 4 displays the kernel density distribution of these 500 coefficient estimates and p-values. The placebo coefficients are centered around 0 and on the left side of the true value of 0.3345. The majority of p-values are greater than 0.1, indicating most of the regression results are not significant. The attenuation of treatment effects under placebo tests provides strong evidence for the robustness of the benchmark regression results.

[image: Scatter plot with estimated coefficients on the x-axis and kernel density on the left y-axis, displaying data points clustered between -0.10 and 0.15. The right y-axis indicates p-values ranging from 0 to 1. Horizontal and vertical dashed lines mark reference points at 0.1 and 0.3345, respectively. The kernel density peaks around 0.05, which is far from the coefficient of 0.3345 in the baseline regression. A legend identifies lines for kernel density and circles for p-values.]

FIGURE 4
 Results of the placebo test.




4.2.3 Other robustness tests


4.2.3.1 Exclusion of COVID-19 pandemic influence

To address the potential confounding effects of the COVID-19 pandemic, we conduct the robustness test by excluding panel data from 2020 and 2021. This period is characterized by unprecedented disruptions in supply chains and regulatory priorities, which might have independently influenced UGTI. As presented in Table 3, column (1), after adjusting dataset, the coefficient of the core explanatory variable did remains significantly positive at the 5% level. This reinforces the conclusion that the FCVD policy exerts a robust stimulative effect on UGTI, even when controlling for exogenous shocks.


TABLE 3 Other robustness tests.


	Variable
	(1) Exclusion of COVID-19
	(2) Substitution of Core Dependent Variable
	(3) Substitution of Core Dependent Variable



	GIPG
	GPG
	GIPA

 

 	did 	0.3678** 	0.8821*** 	0.3354*


 	(2.2387) 	(2.8785) 	(1.9590)


 	Constant 	0.8772*** 	2.7228*** 	1.4810**


 	(2.6628) 	(3.9779) 	(2.5726)


 	Observations 	2,264 	2,830 	2,830


 	R-squared 	0.820 	0.883 	0.920


 	Controls 	Yes 	Yes 	Yes


 	City FE 	Yes 	Yes 	Yes


 	Year FE 	Yes 	Yes 	Yes





t statistics are shown in parentheses; ***, **, and * represent significance at the 1, 5, and 10% levels, respectively.
 



4.2.3.2 Substitution of Core Dependent Variable

To further verify the robustness of our findings, we conduct additional analyses by replacing the dependent variable GIPG with two alternative measures: (a) green patent grants (GPG) at the city level and (b) green invention patent applications (GIPA) at the city level. These substitutions address potential measurement biases in assessing regional innovation performance, as GPG provides broader coverage while GIPA represents distinct stages of the innovation life cycle. Columns (2)–(3) in Table 3 show statistically significant positive coefficients for the DID estimator at the 1 and 10% levels, respectively. These results accord with the benchmark model, confirming that the FCVD policy robustly stimulates green innovation outputs across alternative metrics.






5 Heterogeneity analysis

Neglecting the differences among FCVD cities may lead to a mismatch between policies and local realities. Therefore, this study conducts sub-sample estimations to examine the effects of the policy on different regions and cities with distinct characteristics.


5.1 Heterogeneity analysis of city location

Due to the great differences in the economic development of eastern, central, and western regions of China, we conduct regressions for the eastern, central, and western regions. Building upon Equation 1, we conduct separate regressions for each region to capture geographically differentiated impacts. The results in columns (1)–(3) of Table 4 reveal a spatially heterogeneous policy influence. Specifically, the regression results indicate that the FCVD policy notably promotes UGTI in eastern cities at the 5% significance level, but its impact on central and western regions is not significant.


TABLE 4 Heterogeneity test results.


	Variable
	City location
	City features



	(1) East
	(2) Center
	(3) West
	(4) Resource
	(5) Non-resource



	GIPG
	GIPG
	GIPG
	GIPG
	GIPG

 

 	did 	0.4926** 	0.0062 	−0.0219 	0.0226 	0.4311**


 	(2.3135) 	(0.1236) 	(−0.7863) 	(1.6135) 	(2.1276)


 	Constant 	3.1542* 	0.7125** 	−0.0423 	0.0634 	1.4878***


 	(1.9620) 	(2.4292) 	(−0.3633) 	(1.6572) 	(3.0470)


 	Observations 	990 	1,000 	840 	1,130 	1,700


 	R-squared 	0.852 	0.821 	0.836 	0.774 	0.847


 	Controls 	Yes 	Yes 	Yes 	Yes 	Yes


 	City FE 	Yes 	Yes 	Yes 	Yes 	Yes


 	Year FE 	Yes 	Yes 	Yes 	Yes 	Yes





t statistics are shown in parentheses; ***, represent significance at the 1, 5, and 10% levels, respectively.
 



5.2 Heterogeneity analysis of city features

There is significant variation in resource endowments among cities in China. To further assess the heterogeneity of urban resource dependence levels, this study classifies China’s prefecture-level cities into resource-based cities and non-resource-based cities according to the National Sustainable Development Plan for Resource-Based Cities (2013–2020) issued by the State Council of China and conducts regressions based on Equation 1. The results in columns (4) and (5) of Table 4 show that, for the non-resource-based city sample, the FCVD policy has a significant impact on GIPG at the 5% significance level, while this improvement is not observed for the resource-based city sample. A possible explanation is that cities with a high degree of dependence on natural resources tend to develop resource-based industries and suffer from the “resource curse,” which would inhibit the FCVD policy’s effect of improving UGTI.




6 Spatial spillover effect analysis


6.1 Spatial correlation test

Prior to estimating the SDM-DID model, we conduct a Moran’s I spatial correlation test—a prerequisite for this specification—to validate spatial dependence. The Moran’s I index, proposed by Moran (1950), is a spatial statistical measure quantifying spatial autocorrelation, determining whether observed values exhibit clustering (positive Moran’s I), dispersion (negative Moran’s I), or randomness (near zero) across geographical units. It is widely applied in spatial econometrics to validate spatial dependencies, ensuring models account for spillover effects. The results in Table 5 show that the global Moran’s I indices are consistently greater than 0, and strongly reject the null hypothesis of no spatial correlation at the 5 and 1% significance levels. This indicates that during the period of 2014–2023, there was not only a significant spatial correlation among the 283 cities but also distinct spatial clustering patterns.


TABLE 5 Spatial correlation test (Moran’s I).


	Year
	Moran’s I
	Year
	Moran’s I

 

 	2014 	0.005** 	2019 	0.010***


 	2015 	0.006*** 	2020 	0.008***


 	2016 	0.007*** 	2021 	0.008***


 	2017 	0.008*** 	2022 	0.009***


 	2018 	0.012*** 	2023 	0.009***





*** and ** represent significance at the 1, 5, and 10% levels, respectively.
 



6.2 Model testing

Given the adoption of the SDM-DID, we conduct LR and Wald tests (Elhorst, 2014) to statistically verify SDM’s necessity over nested SAR/SEM alternatives. Table 6 shows both LR-spatial lag and Wald-spatial lag test reject the null hypothesis that the spatial lag terms of explanatory variables are jointly insignificant. Similarly, LR-spatial error and Wald-spatial error test refute the possibility of omitting spatially autocorrelated error structures. These robust results confirm that the SDM cannot degenerate to SLM or SEM. As LeSage and Pace (2009) emphasize, SDM’s incorporation of endogenous and exogenous interaction effects ensures unbiased coefficient estimates under conditions of unobserved spatial heterogeneity. Rejecting simplification hypotheses further substantiates the presence of complex spatial interdependencies in our dataset. Specifically, neighboring units’ characteristics systematically influence local outcomes. Consequently, retaining SDM is statistically warranted and essential for generating policy-relevant insights into direct and indirect spatial effects, a capability absent in SLM/SEM frameworks (Elhorst, 2010).


TABLE 6 Model testing and estimation.


	Test
	Statistic
	p-value
	Conclusion

 

 	Wald-spatial lag 	59.11 	0.000 	SDM


 	LR-spatial lag 	58.26 	0.000


 	Wald-spatial error 	61.65 	0.000


 	LR-spatial error 	58.49 	0.000


 	Hausman 	781.02 	0.000 	Fixed effect




 



6.3 Spatial DID regression results

Table 7 presents three key findings from our SDM-DID estimation, based on the model in Equation 2, using inverse distance spatial weights. First, both the spatially lagged term coefficient of the key explanatory variable did (Main) and the coefficient of the spatially weighted term (WX) for did are significantly positive at the 1% level. This indicates that the FCVD policy has generated positive direct incentives and spatial spillover effects for enhancing UGTI. Second, to systematically disentangle these effects, we employ Elhorst’s (2014) partial differential decomposition method, which distinguishes local impacts from spatial spillovers. LR Direct captures the direct improvement effect, representing the FCVD policy’s impact on GIPG in demonstration cities. Conversely, LR Indirect measures the indirect improvement effect on GIPG in surrounding cities, while LR Total constitutes the sum of both effects. The decomposition results demonstrate that all coefficients are positive and statistically significant at the 1% level, confirming the policy’s efficacy in boosting green innovation performance both locally and regionally.


TABLE 7 The spatial effects of FCVD policy on urban green innovation.


	Variable
	Main
	WX
	Direct effect
	Indirect effect
	Total effect

 

 	did 	0.3166*** 	1.0250*** 	0.3148*** 	0.4953*** 	0.8100***


 	(10.9680) 	(3.8204) 	(10.4998) 	(2.9148) 	(5.1056)


 	ρ 	−0.6567*** 	 	 	 	


 	(−3.0841) 	 	 	 	


 	sigma2_e 	0.0437*** 	 	 	 	


 	(37.5575) 	 	 	 	


 	Observations 	2,830 	2,830 	2,830 	2,830 	2,830


 	R-squared 	0.114 	0.114 	0.114 	0.114 	0.114


 	Controls 	Yes 	Yes 	Yes 	Yes 	Yes


 	City FE 	Yes 	Yes 	Yes 	Yes 	Yes


 	Year FE 	Yes 	Yes 	Yes 	Yes 	Yes





z statistics are shown in parentheses; *** represent significance at the 1, 5, and 10% levels, respectively.
 

Third, the spatial autocorrelation coefficient ρ is significantly negative (ρ = −0.6567, p < 0.01), revealing a “siphon effect” within urban green innovation ecosystems. Specifically, UGTI of one city tends to be negatively influenced by the improvement in UGTI of its neighboring cities. This suggests that while the FCVD policy fosters positive spillovers, competitive behaviors simultaneously emerge that suppress UGTI in neighboring regions. This duality aligns with findings from high-tech industrial clusters where cooperative and competitive forces coexist (Bathelt et al., 2004), underscoring the need for policy designs that balance incentive structures with intercity coordination mechanisms.




7 Discussion

Government policies are seen as a key factor in driving technological innovation according to the innovation system theory (Jiang et al., 2024). This study advances the understanding of renewable energy policy impacts by addressing a critical gap in the energy transition literature. Against global decarbonization efforts, China’s FCVD policy exhibits distinctive characteristics. While sharing similarities with the US Hydrogen Program Plan 2020 fuel cell truck projects (U.S. Department of Energy, 2020) and Japan’s Revised Basic Hydrogen Strategy (The Ministerial Council on Renewable Energy, Hydrogen and Related Issues, Japan, 2023) in taking the transportation sector as policy focus, leveraging government funding to catalyze private investment, and fostering transboundary supply chains integration, China’s approach demonstrates unique features. The FCVD policy distinguishes itself through multi-sectoral deployment, decentralized implementation, and localization-oriented strategy. Whereas U.S.’s FCV programs focus on long-haul heavy-duty vehicles, fleets, freight, and corridors, China’s FCVD policy deploys fuel cell vehicles across multiple sectors including logistics, public transit, and industry. China employs a decentralized approach where demonstration cities lead execution without direct central government deployment. As Japan prioritizes global supply chain integration due to resource scarcity and limited domestic market, China’s FCVD policy prioritizes supply chain localization, leveraging its industrial scale to foster a self-reliant domestic ecosystem.

Our empirical findings align with prior studies on China’s new energy transition policies. Results confirm the FCVD policy significantly promotes UGTI, consistent with effects observed under China’s New Energy Demonstration City policy (Chen et al., 2023; Jiang et al., 2024; He, 2025).

Within the framework of the FCVD policy, local governments have rolled out a suite of targeted measures including financial support, government procurement, and demand-side incentives. Governments in several demonstration cities have allocated direct grants for R&D projects of fuel cell vehicle manufacturers and continuously expanded the application scenarios for FCVs through government procurement and deployment. Take the municipal governments of Shanghai and Xinxiang as examples: Shanghai provides hydrogen fuel cell enterprises with an R&D grant of up to 30%, whereas Xinxiang innovatively deploys fuel cell powered sanitation vehicles and refuse dump trucks.

On the demand side, purchase subsidies from demonstration city governments effectively reduce financial pressure for enterprises adopting FCVs and related technologies. This is critical for potential adopters to overcome cost-related adoption barriers (Breetz and Salon, 2018) and enhances the overall market viability of FCVs. Phased subsidy mechanisms could further optimize policy impact. Local subsidies could initially support high-emission vehicle retirement to accelerate the phase-out of fossil fuel vehicles and related infrastructure. During the intermediate stage, subsidies could shift towards FCV purchases and refueling support, providing direct stimulus for market penetration. In later phases, support could transition exclusively to hydrogen fuel price subsidies, stabilizing the market foundation for FCV industry development. Additionally, imposing mandatory emission-based surcharges on commercial vehicles could fund this transition while accelerating decarbonization. These policy interventions foster conducive environments for research, development, and application of fuel cell technologies, thereby strengthening urban capacities for green innovation. Beyond that, the FCVD policy drives transformation across interconnected industrial sectors by aligning public and private efforts. Cities including Beijing, Shanghai, Foshan, and Guangzhou have strategically set up hydrogen industry funds, formed cross-sectoral industrial alliances, and established fuel cell industrial parks, to attract corporate investment and cultivate robust fuel cell vehicle value chains. The collaborative synergy between governments and enterprises has given rise to dynamic innovation ecosystems where technological innovations can be converted into practical applications more rapidly (Yang et al., 2022).

The FCVD policy exerts a stronger effect on promoting UGTI in cities in eastern and non-resource-based cities, mirroring findings from China’s Low Carbon City Pilot policy (Liu et al., 2025), another central initiative within China’s Comprehensive Green Transition framework. With respect to city location, compared to central and western cities, eastern cities exhibit notable advantages attributable to their strong innovation capacity, manifested in the agglomeration of high-tech enterprises, research institutes, and skilled personnel (Zheng and Li, 2020). This enables them to demonstrate greater responsiveness and efficiency in policy implementation. In addition to this, the low population density in western China further limits its ability to accept energy substitution (Chen et al., 2023). The varying resource endowments and distinct historical development paths between resource-based and non-resource cities lead to different impacts of the New Energy Demonstration policy on urban green innovation (Zhang et al., 2024). As noted by Xu et al. (2022), non-resource cities, owing to the historical absence of traditional energy reserves, tend to prioritize new energy industries as a core strategy to revitalize local economies. In contrast, resource-based cities face the serious challenge of phasing out outdated production facilities and technologies to achieve energy transition, a process that requires more robust investment and strategic interventions (Cheng et al., 2021). Thus, local governments of central and western cities, especially resource-based cities, should develop targeted measures focused on converting traditional energy infrastructure into hydrogen energy infrastructure. Drawing reference from Germany’s “eFarm” project, these cities could leverage their advantages in abundant land resources, lower population density, and rich natural resources to prioritize hydrogen fuel production, thereby facilitating the transition of traditional energy sectors.

Spatial analysis reveals significant spillover effects, with FCVD policy enhancing neighboring cities’ UGTI, consistent with the findings of Shang et al. (2022) and Ma et al. (2024). The sharing of information and experiences can accelerate innovation in green technology in other cities within the region (Peng et al., 2021). Many FCVD cities have implemented cross-regional collaboration and technology promotion initiatives. For example, Beijing and Shanghai have established the Beijing-Shanghai Hydrogen Energy Corridor, which spans six provinces, spurring surrounding cities to invest in the hydrogen energy industry. Additionally, Shanghai has hosted the International Hydrogen and Fuel Cell Vehicle Congress and Exhibition as well as the X-GAME New Energy Vehicle Big Data Competition, attracting technical talents from neighboring cities to participate and facilitating cross-regional knowledge diffusion. Furthermore, the FCVD policy fosters a social atmosphere conducive to green innovation through sustainability initiatives, with the sustainability culture cultivated in demonstration cities extending beyond municipal borders. This radiating influence shapes a regional social context in which residents of neighboring areas develop heightened awareness of and acceptance toward new energy vehicles. The enhanced public engagement not only normalizes low-carbon transportation choices but also creates a demand-driven impetus for local enterprises to invest in green technology R&D. However, a concurrent siphon effect emerges. It is shown that the UGTI of FCVD cities exerts a siphon effect on the UGTI of neighboring cities, a finding that aligns with Liu et al. (2025). Demonstration cities’ strengthened green innovation capacity and optimized ecosystems attract green resources from neighboring areas, redirecting critical innovation inputs toward policy-supported cities. When competing for green technology investments, the robust R&D environment in demonstration cities provides a decisive advantage over non-demonstration neighbors. This competitive dynamic suppresses UGTI in surrounding regions by diverting essential resources, thereby slowing their technological progress. Mitigating this siphon effect is crucial for achieving balanced regional development under the FCVD policy. One potential policy mechanism to counteract this unintended consequence could involve the establishment of a centrally coordinated compensation scheme. For instance, the central government could mandate demonstration cities to contribute a fixed share of policy-generated tax revenues to a regional “Hydrogen Innovation Compensation Fund.” This fund would provide targeted support—such as R&D tax deductions for green tech firms or university hydrogen lab funding in non-demonstration cities—directly compensating for innovation resource outflows while bolstering neighboring regions’ green R&D capacity. Such intervention would ensure more equitable regional distribution of innovation benefits.



8 Conclusion and policy implications

This study provides robust evidence that China’s FCVD policy significantly boosts UGTI in designated cities. The policy’s impact exhibits heterogeneity, with stronger effects emerging in eastern and non-resource-based cities compared to their central/western and resource-based counterparts. The policy also generates positive spatial spillovers that elevate neighboring cities’ UGTI. However, a concurrent siphon effect constrains innovation development in surrounding areas. This siphoning partially offsets the policy’s beneficial spillovers. Collectively, while the FCVD policy effectively drives UGTI within cities, it generates complex spatial dynamics involving both positive spillovers and resource siphoning.

Based on these findings, we propose targeted recommendations to optimize China’s FCVD implementation and accelerate UGTI diffusion in FCV-related industries. The central government should clarify functional positioning of cities according to location and resource endowments within the FCV industrial landscape. Eastern cities ought to leverage their robust innovation capacity, while non-resource-based cities should capitalize on policy responsiveness to focus on technological innovation and high-end manufacturing. For resource-based cities confronting the “resource curse,” supply-side priorities must emphasize hydrogen production projects that harness local resource advantages to reduce blue/green hydrogen production costs and advance related technologies. Local governments can stimulate traditional energy enterprises to invest in hydrogen manufacturing through targeted subsidies or tax incentives, countering the resource curse’s inhibitory effects on green innovation. On the demand side, measures like phased subsidy reallocation could enhance societal participation in the green transition. Addressing regional disparities and the siphon effect necessitates robust coordinated governance frameworks. Centralized mechanisms, such as knowledge-sharing platforms and inter-municipal R&D partnerships, are essential to harmonize regional imbalances and amplify network-driven innovation. Critically, innovation benefit redistribution or compensatory support for non-demonstration cities should be integrated into regional coordination efforts to mitigate the siphon effect’s constraining impact. This would foster equitable distribution of innovation dividends and strengthen regional green innovation ecosystems. The central government could establish a national communication and cooperation platform to facilitate the exchange of best practices among cities with similar functional roles and matching between cities with complementary specializations. Concurrently, compensating non-demonstration cities for innovation resource outflows must be prioritized within this coordinated framework to counteract the siphon effect.

While this investigation provides valuable insights, several constraints inherent to data availability and methodological choices warrant explicit acknowledgment. Further expansion of the scope and more in-depth investigation are required in future research. First, while GIPG effectively proxy innovation output, they may fail to capture incremental or non-patented green technologies. Future studies should develop a more comprehensive assessment framework to capture holistic green technology innovation performance. Second, the reliance on inverse-distance spatial weights, though standard, overlooks economic or institutional connectivity. Multi-dimensional spatial matrices could be used to refine spillover mechanisms. Third, the 2021–2023 post-implementation period enables timely evaluation but captures only short-to-medium-term effects. Assessing long-term sustainability and path dependence remains critical for hydrogen technologies requiring extended maturation.
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