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Little exploration of the impact of environmental penalties on climate-friendly technology innovation 
(CFTI). This paper explores the impact of environmental penalties, set within an institutional context, 
on the promotion of climate-friendly technological innovation. Employing a qualitative analysis 
grounded in signaling theory and challenge/threat theory, this study utilizes data from various 
Chinese cities and applies city- and year-specific two-way fixed effects models to assess the effects 
of environmental penalties on climate-friendly technological innovations. The findings reveal that 
environmental penalties have an inverted ‘U-shaped’ nonlinear effect on such innovations. There 
is a critical inflection point where environmental penalties shift from promoting to inhibiting these 
innovations. Additionally, the study finds that environmental penalties also impact the development 
levels of the digital economy and financial technology, both of which support climate-friendly 
technological innovation. Therefore, it can be inferred that environmental penalties indirectly influence 
climate-friendly technological innovation through their effects on the digital economy and financial 
technology.
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The imposition of administrative penalties for violations of the legal regime for environmental protection (i.e., 
EPP) is an important policy tool for addressing climate change. The existing literature on EPP has reached 
two opposed conclusions. One conclusion suggests that EPP creates peer and short-term governance effects, 
reducing violations by penalized firms and encouraging the adoption of green technology innovations among 
their peers1,2 Another conclusion is that EPP cause penalized firms to pass on the costs of penalties to consumers 
with no effect on themselves3 and even deteriorate firms’ environmental performance4. China’s EPP in the early 
years were too lenient to be effective as penalties5. However, in recent years, Chinese city governments have 
significantly increased EPP. Our statistics indicate that in 2008, a total of 1,649 EPP were imposed by cities 
nationwide, rising to 644,096 in 2022. This represents a rapid increase of 389.60 times over 14  years. CFTI 
is a crucial measure to combat climate change6 and is considered a key aspect of corporate environmental 
performance. How exactly do rapidly increasing EPP affect CFTI? There is no consistent conclusion in the 
existing literature on this question. Therefore, this paper is based on signal transmission theory and challenge/
threat theory.

The level of CFTI is the dependent variable in this paper. Climate-friendly technologies are those that 
mitigate or adapt to climate change7–9. The Cooperative Patent Classification (CPC), jointly published by the 
European Patent Office and the US Patent Office in 2013, with the Y02 classification is defined as technologies 
for mitigating or adapting to climate change. To this end, we collected data on patent applications and granted 
patents under the Y02 classification in each city from 2008 to 2020, obtained from Wisdom Buds, which sources 
its data from the State Intellectual Property Office (SIPO). We then followed the methodologies of Lu et al.10, 
and Li & Yang11, calculating the ratio of climate-friendly patent applications to the number of enterprises, and 
the ratio of granted patents to enterprises, to derive the CFTI and rCFTI, which are used as proxy variables for 
the level of CFTI in cities. Environmental protection penalty is an independent variable in this paper. In China, 
according to the Environmental Protection Law of the People’s Republic of China, the responsible department 
for enforcing EPP is the environmental protection department at the county level and above. For this reason, 
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we take the city where the penalized enterprises are located as the main line and collect the number of penalties 
imposed by the environmental protection department on enterprises in each city in each year from Shanghai 
Da Zhi Cai Hui Data Technology Co., Ltd, whose data comes from administrative organs, to obtain Envadmin, 
and then divide Envadmin by the number of enterprises in the city EPAP, as a proxy variable for the strength of 
EPP in the city, and at the same time, standardize Envadmin by the extreme value standardization method to get 
rEPAP, as another proxy variable for the strength of EPP in the city.

Based on the independent and dependent variables being constructed, we investigate the direct impact of 
EPP on CFTI with a city and year two-way fixed effects model. Then, drawing on Chen et al.12, and Chen 
(2023)13, we test the indirect effect of EPP on CFTI using the level of digital economy development and the level 
of fintech development as the mediating variables. We find that, first, EPP has an inverted “U”-shaped nonlinear 
effect on CFTI; there is an inflection point in the strength of EPP, and on both sides of the inflection point, 
EPP promotes and inhibits CFTI, respectively. The reason is that the signalling theory, which originated with 
Spence (1973)14, suggests that people’s behaviour sends signals to the outside, and that these signals bring about 
impacts on the recipients. According to the signalling theory, city governments send signals to the market for 
increased regulation through EPP, which puts regulatory pressure on enterprises. The challenge/threat theory, 
which originated from Lazaru (1991)15, suggests that when people are faced with less pressure, they perceive it 
as a challenge and vice versa as a threat. Challenges improve performance, while threats reduce performance. 
According to the theory, when regulatory pressure is moderate, enterprises see it as a challenge and improve 
their CFTI; however, when the pressure becomes too great, it is perceived as a threat, which is detrimental to 
CFTI. Second, the mechanism study shows that EPP also has an inverted “U” non-linear effect on the level of 
digital economy development and the level of fintech development, both of which are conducive to CFTI. In 
other words, EPP also indirectly affects CFTI through the level of digital economy and financial technology 
development.

First, our study can provide a relatively innovative method for measuring environmental regulation in 
subsequent research. Environmental penalties belong to environmental regulation. Some scholars have used 
compliance expenditures16, regulatory expenditures17, and pollution costs18 to measure environmental regulation 
intensity. Some scholars have also used keywords such as ‘ecology’ and ‘environmental protection’, collecting their 
frequencies from the Government Work Reports of Chinese cities as proxy variables for environmental regulatory 
intensity19. The former method only reflects a certain aspect of the city government’s implementation of the 
governance environment, and it is difficult to measure the whole picture of the city government’s environmental 
governance policy20. The latter method more closely reflects the city government’s attitude and preference 
towards environmental protection, yet it does not fully capture the effectiveness of the city’s implementation of 
environmental regulation. According to the Environmental Protection Law of the People’s Republic of China, the 
environmental protection departments at the county level and above are authorized to impose EPP for violations 
of the Environmental Protection Law of the People’s Republic of China within their jurisdiction. This implies that 
the administrative penalties imposed by the environmental protection departments better reflect the strength of 
EPP. Therefore, our study adopts a more reasonable and novel approach to measuring environmental regulation.

Second, our study contributes to some of the literature on CFTI. Concerning CFTI, recent studies have 
centered around people’s climate-friendly behaviors9, financial support6,8, social spillovers from learning and 
imitation21, social norms7 and international cooperation22,23, among others. For instance, a major challenge in 
implementing CFTI is securing financing for these projects, yet the venture capital financing available for CFTI 
has been declining6. In developing countries, the financial sector tends to be particularly hesitant about CFTI 
projects8. Through learning and imitation, social spillovers can drive climate-friendly technology innovations 
and applications such as solar panels and hybrid cars (Carattini et al., 2020)21. In addition, cultural diversity can 
also promote green technology innovation, which may benefit CFTI24. However, little literature has explored the 
impact of EPP on CFTI. Our study provides new evidence to promote CFTI and enriches the literature related to 
CFTI. CFTI is a green technology innovation, and our research has refined green finance innovation into CFTI.

Finally, our study contributes to the emerging literature related to EPP. Scholars have studied the economic 
consequences of EPP, focusing on firms’ financial and environmental effectiveness. In terms of financial 
effectiveness, EPP increase the cost of debt financing and the cost of equity financing for firms25, and reduce 
firms’ cash flow25. In terms of environmental effectiveness, EPP has a peer effect, which promotes the quantity 
and quality of green technology innovation of the penalized firm’s peer firms2 and EPP only has a short-term 
effect, which reduces the violations of the penalized firms in the short term1. However, China’s EPP are too 
lenient and the amount of penalties is low5,26, which makes it difficult to achieve the effect of pollution control26. 
Increased penalties may deteriorate firms’ environmental performance4. In addition, firms may pass on the cost 
of penalties to consumers, with no impact on themselves3. Overall, there is no consensus in the existing literature 
on the effectiveness of environmental protection. Our study enriches the literature on EPP by synthesizing, to 
some extent, the findings of existing studies on environmental effectiveness.

The remainder of the paper is organized as follows: sect. “Testable hypotheses” clarifies our testable hypothesis. 
Section “Models, variables and data” describes our research methodology. Section “Results” discusses our main 
empirical results with robustness tests. Section “Conclusion, implications, and outlook” conducts transmission 
mechanism tests. Section 6 provides a discussion. Finally, the paper provides a summary.

Testable hypotheses
Institutional context
Administrative penalties serve as an important means for Chinese governments at all levels to enforce 
administrative management and are a key tool in ensuring the implementation of the legal system. The Chinese 
legislature enacted the Administrative penalty Law of the People’s Republic of China in 1996, subsequently 
amending it in 2009, 2017, and 2021. The Law defines administrative penalties as acts by administrative organs 
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that, during administrative management, punish citizens, legal persons, or other organizations for violating 
administrative orders by limiting their rights or increasing their obligations, as per the law.” Authorities imposing 
administrative penalties encompass administrative organs, organizations authorized by laws to manage public 
affairs, and organizations delegated by administrative organs to exercise specific administrative penalty powers. 
In 1989, China’s legislature enacted the Law of the People’s Republic of China on Environmental Protection, 
which was amended in 2014. The Law provides that the competent environmental protection authorities of 
the people’s governments at or above the county level are authorized to impose administrative penalties for 
violations of the PRC Environmental Protection Law. The competent environmental protection authorities 
here are the ecological and environmental departments at all levels of government. The Law of the People’s 
Republic of China on Administrative Penalties provides that “[a] dministrative penalties shall be under the 
jurisdiction of the administrative organ in the place where the violation occurred.” Accordingly, in practice, the 
vast majority of violations of the PRC Environmental Protection Law are subject to EPP imposed by ecological 
and environmental departments at the county and prefectural levels. China is a vast country with unbalanced 
development, and cities have different cultural concepts, social inclusiveness, and philosophies about penalizing 
violations. This results in the strength of administrative penalties varying across cities. This provides a good 
research scenario for examining the issue of CFTI from the perspective of EPP.

Hypotheses
Chen&Zhang (2025)27 proposed a hypothesis at the urban level after analyzing individual behavior at the micro 
level. In this section, we draw on their approach and use the challenge/threat theory for theoretical analysis.

Direct impact of EPP on CFTI
Enterprises are the principal agents of CFTI6, and government behavior profoundly affects CFTI6,21. As an 
important government behavior, EPP, through the “information disclosure” system, can send signals to the 
market and exert regulatory pressure on firms28. This external pressure may be perceived as a challenge by 
individuals or a threat by firms. For this reason, we analyze the direct impact of administrative penalties on CFTI 
based on signaling theory and challenge/threat theory.

First, EPP will send a strong signal to enterprises and exert regulatory pressure on their managers. Firstly, 
there exists an information asymmetry between the government and enterprises regarding the enforcement 
strength of the environmental protection legal system. Signaling theory suggests that information asymmetry 
occurs when “different people know different things” and when the parties to a decision do not have the same 
quantity and quality of information29. Information asymmetry is widespread but can be mitigated through the 
transmission of various “signals”30. Signaling involves signal senders, signal receivers, and signals31,32. China 
has developed a comprehensive legal system for environmental protection, but “no law is enough”. Although the 
Chinese legislature enacted the Administrative Penalty Law of the People’s Republic of China in 1996, a total 
of 1,649 EPP were imposed by cities across the country in 2008, and this figure rises to 644,096 by 2022. This 
shows that the real implementation of the legal system of environmental protection is not a quick fix. It also 
shows that there is a serious information asymmetry between the government and businesses in terms of the 
extent to which the environmental legal system is actually enforced as it should be. Second, EPP is a high-value 
signaling behavior with wide dissemination. The implementation of EPP by the government can be regarded 
as a kind of signaling behavior, in which the government is the signal sender and the enterprise is the signal 
receiver, and the signal transmitted is the degree to which the environmental protection legal system is strictly 
enforced. Signaling theory suggests that the stronger the signal, the more attention it will garner from the target 
audience33. Compared to press releases, holding conferences, and releasing policies, the government imposes 
EPP on non-compliant companies with stronger signals, which are more likely to attract the attention of the 
market. According to signaling theory, the more costly the signal is to send and the harder it is to fake, the greater 
its value to the receiver tends to be32,34.The imposition of EPP by the government on non-compliant companies 
requires repeated on-site investigations. It strives to achieve conclusive evidence, and also requires confirmation 
of the fact of violation and public announcement of administrative penalties, etc.; when the violating firms do 
not accept the penalties, they will also file an administrative reconsideration with a higher level of government. 
Therefore, compared to other forms, EPP sends high-cost signals that cannot be forged, offering the greatest value 
to the market. In short, according to the signal theory, the government implements EPP, which is a widespread, 
high value signaling behavior. Third, the signal transmitted by EPP will create regulatory pressure on business 
managers. From 2008 to 2022, the strength of EPP imposed by Chinese city governments is gradually increasing. 
Administrative penalties have a deterrent effect2, which will deter penalized firms and their peer firms and 
create regulatory pressure. According to the Environmental Protection Law of the People’s Republic of China, 
all enterprises are required to undertake environmental protection obligations. This means that EPP will have 
a deterrent effect on all enterprises and bring regulatory pressure. The stronger the EPP, the more frequent 
the penalties, and the more often they are imposed, the greater the regulatory pressure felt by the enterprises. 
Business decisions are made by business managers as individuals. Environmental penalties send out the signal 
formed by the regulatory pressure is bound to have an impact on business managers.

Second, business managers may view regulatory pressure from EPP as a challenge or threat. Individual 
decision-making depends on both internal and external factors. Stress is an important external factor that affects 
individual decision-making35, influencing individuals’ decisions at work36, study37,38, and sport39 and many other 
aspects of performance. In terms of the relationship between stress and performance, scholars have developed 
the challenge-threat theory based on the cognitive appraisal theories established by Lazarus & Alfert40, Lazarus 
et al. (1965)41, and other pioneers37,41,42.

Challenge/threat theory suggests that in the face of stress, individuals engage in situational demand 
assessment and assessment of their own resources18,37,39,42–44. Situational requirements assessment is a Primary 

Scientific Reports |        (2025) 15:36143 3| https://doi.org/10.1038/s41598-025-11939-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


appraisal, which corresponds to the resources required for stress in terms of the three dimensions of required 
effort, uncertainty, and danger; and the own resources assessment is a Secondary appraisal (Secondary appraisal), 
which is used by individuals to assess the resources for coping with stress45,46. Based on the assessment results, 
individuals appraise stress as a challenge and vice versa as a threat when they believe that their own resources 
meet or exceed the demands of the situation39,43,47. For example, when athletes assess that their resources meet 
or exceed greater than the situational demands, they enter the challenge state, and vice versa, the threat state39. 
Students enter the challenge state when they assess that their resources can meet the demands of the learning 
task37,38. Subsequent studies have also concluded that individuals appraise stress as a challenge and vice versa as 
a threat when the resources they possess meet, exceed, or fall slightly short of what is required48.

According to challenge/threat theory, regarding regulatory pressure from EPP on business managers, 
business managers will also conduct an assessment of situational requirements and an assessment of their own 
resources. When EPP are low, the effort required to cope with regulatory pressure is low, and the accompanying 
uncertainties and dangers are low. As a result, business managers perceive their resources as being more than, 
or at most slightly less than, what is required, and thus appraise this lesser regulatory pressure as a “challenge”. 
Conversely, when EPP are higher, the effort required to cope with higher regulatory pressures is greater, and so 
are the uncertainties and dangers. Firm managers perceive that the resources they hold are significantly lower 
than the resources they need, and thus appraise this higher regulatory pressure as a “threat”. In short, when 
regulatory pressure is low, business managers will appraise it as a “challenge” and vice versa.

Finally, regulatory pressure can lead to an inverted “U”-shaped non-linear relationship between EPP 
and CFTI. Challenge/threat theory suggests that challenges and threat assessments influence an individual’s 
subsequent behavior49and are important predictors of future performance50. Challenge leads to a large increase 
in the amount of blood circulating per minute, a shortening of the time between successive heartbeats, an increase 
in positive affect, a well-adjusted tendency to lead to high performance, better performance on cognitive and 
behavioral tasks49, and a tendency for challenge appraisers to use positive coping styles in stressful situations44. 
Numerous studies have concluded that challenge facilitates good performance43,47. In contrast, threats result in 
no significant change in the amount of blood circulating per minute and the time between consecutive heartbeats 
(Wormwood et al., 2019)47, and threat assessors respond negatively44, a maladaptive tendency that contributes 
to mediocre performance. Thus, threats are not conducive to improved performance43,47. For example, subjects 
who received a challenge instruction performed better in a bean bag tossing task43, higher ratings of challenge 
produce favorable physiological and psychological responses thereby favoring dancers’ performances, and 
challenge leads to better competition performance in athletes compared to ratings as a threat43,50; challenging 
evaluators are more likely to improve their job performance51; and challenges lead to better student achievement 
compared to threats37,38,52.

Climate-friendly technology is the most important measure to realize the carbon reduction task, and 
enterprises are the main body of CFTI6. Since 2008, enterprises in China have started to implement CFTI. In this 
process, the regulatory pressure generated by EPP affects the CFTI of enterprises. As mentioned above, when 
EPP are small, business managers will appraise them as “challenges”, which is favorable to the implementation 
of CFTI. On the other hand, when EPP are too strong, enterprise managers will appraise them as “threatening”, 
which is not conducive to the implementation of CFTI. Consequently, an inverted U-shaped non-linear 
relationship exists between EPP and CFTI. For this reason, the following hypothesis is proposed.

H1: There is an “inverted U” relationship between EPP and the level of CFTI.

Analysis of digital economy based role channels
Since 2008, the deep integration of digital technologies such as artificial intelligence and big data with the 
economy has pushed the digital economy to a new level. Enterprises across various industries implement digital 
innovations, leveraging technologies like artificial intelligence and big data, to advance the digital economy12. 
Environmental penalties acting on the development of the digital economy can influence CFTI as follows.

There is an inverted “U”-shaped non-linear relationship between EPP and the level of development of the 
digital economy. Using digital technologies such as artificial intelligence and big data, enterprises can promote 
digital innovation based on reconfiguring and integrating digital resources and capabilities to create new products, 
services, processes, procedures, and business models53–55. In addition to CFTI, corporate digital innovation 
can reduce energy consumption and is also an important means to achieve carbon reduction tasks56,57. Since 
2008, Chinese firms have begun to implement digital innovations in droves, thereby driving the development 
of China’s digital economy at a macro level12. At the same time, China’s environmental protection authorities 
have rapidly strengthened environmental protection enforcement and implemented increasingly severe EPP. 
In the process, the regulatory pressure generated by EPP may likewise affect corporate digital innovation. 
Implementing digital innovation in enterprises requires managers to make a series of decisions. As discussed 
earlier, when EPP are low, business managers who implement digital innovation appreciate them as a ‘challenge’, 
which is conducive to the implementation of digital innovations to reduce carbon emissions. On the other hand, 
when EPP are too strong, business managers who implement digital innovation will appreciate them as a ‘threat’, 
which is not conducive to the implementation of digital innovation, and thus not conducive to the reduction 
of carbon emissions. Consequently, an inverted “U-shaped” non-linear relationship exists between EPP and 
digital innovation. At the macro level, this is reflected in the inverted “U” non-linear relationship between the 
strength of EPP and the level of development of the digital economy. When EPP are low, they can promote the 
development of the digital economy; when they are too high, they are detrimental to the development of the 
digital economy.

The development of the digital economy can contribute to CFTI. This is because, first, reducing business risks 
promotes CFTI. In the digital economy, firms continue to implement digital innovations. Enterprise digitization 
significantly reduces the costs of information collection and communication58, and enterprises can collect a large 
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amount of information about key businesses and links at low cost, and then carry out effective management 
changes, accelerate business model innovation, improve the scientific and rational nature of long-term and short-
term decision-making, and reduce business risks55. CFTI, this kind of innovation activity, is considered high-
risk behavior59. The reduction of operational risk is conducive to the implementation of such high-risk behaviors 
as climate-friendly innovation. Second, improving the operational efficiency of enterprises promotes CFTI. 
In the process of digital economy development, enterprises continuously implement digital innovation. The 
latter can reduce marginal costs, increase positive economies of scale58, and accelerate the speed of information 
transfer within the enterprise, according to which the enterprise can carry out more accurate strategic target 
decomposition, investment, and financing decisions, and market segmentation strategies, thus enhancing the 
enterprise’s operational efficiency60. Enhanced operational efficiency can improve business performance and 
financially support the implementation of CFTI. Third, accelerating knowledge accumulation promotes CFTI. 
Data is the core element of the digital economy, which not only helps to produce new products and services 
but also can be used for knowledge creation61, helping enterprises accumulate the knowledge needed for CFTI. 
At the same time, the digital economy facilitates the dissemination of information and knowledge, reduces the 
flow cost of information technology, and alleviates the problem of information asymmetry12,62, which makes it 
more convenient for technological cooperation, learning and training, and exchange of talents between regions, 
and accelerates the flow of knowledge62, which can help enterprises accelerate the accumulation of knowledge 
required for CFTI. This knowledge accumulation is crucial for CFTI, thereby fostering its development.

In summary, we propose the following hypothesis:
H2: Environmental penalties indirectly affect CFTI based on an inverted “U” nonlinear impact on the digital 

economy.

Analysis of fintech based role channels
Since 2008, the integration of digital technologies, including artificial intelligence and big data, with finance has 
led to the emergence of fintech12. Financial enterprises carry out fintech innovation based on digital technologies 
such as artificial intelligence and big data to promote fintech development. Environmental penalties acting on 
FinTech development can affect CFTI as follows.

There is an inverted “U”-shaped non-linear relationship between EPP and the level of fintech development. 
Fintech is a financial innovation driven by digital technologies such as artificial intelligence and big data63. 
Fintech facilitates the digital transformation of financial institutions, which is conducive to the transfer of 
offline economic activities to online64 and promotes the consumption of renewable energy resources65, which 
reduces carbon emissions, and is an important means of realizing the mandate of carbon reduction64,66. Since 
2008, Chinese financial firms have begun to implement fintech innovations in droves, thus promoting fintech 
development in China at the macro level. The fintech innovation of financial enterprises requires a series of 
decisions made by their managers regarding such innovation. China’s environmental protection authorities 
have rapidly strengthened environmental protection enforcement and implemented increasingly severe EPP. 
EPP brings pressure to managers of financial enterprises implementing fintech innovation: firstly, from carbon 
reduction mandates, and secondly, from secondary pressure on brick-and-mortar firms arising from EPP 
that adversely affect the repayment ability of the financial firms’ loan customers. As mentioned above, when 
the EPP are small, the managers of financial firms will appraise them as “challenges”, which will facilitate the 
implementation of fintech innovations to reduce carbon emissions. On the other hand, when EPP are too strong, 
financial managers will appraise them as a “threat”, which is not conducive to the implementation of fintech 
innovations. Consequently, an inverted “U-shaped” non-linear relationship exists between EPP and fintech 
innovation. At the macro level, this is reflected in the inverted “U” non-linear relationship between the strength 
of EPP and the level of fintech development. When EPP are low, they can promote fintech development; when 
they are too high, they are detrimental to fintech development.

Fintech development can promote CFTI. The reasons for this are: first, easing financing constraints promotes 
CFTI. In China’s bank-led financial system, the primary financing channels for enterprises heavily depend on 
banks. Therefore, Chinese real enterprises generally face financing constraints. The information asymmetry 
between banks and real enterprises is the main reason why Chinese enterprises face financing constraints. Based 
on digital technologies such as big data, fintech can alleviate information asymmetry67, which in turn expands 
the boundaries of financial services68 and improves the accessibility of financial services69, thus alleviating the 
financing constraints of real enterprises. In addition, fintech intensifies competition among banks and increases 
their risk-taking level12, which prompts banks to increase credit investment in real enterprises, thus alleviating 
the financing constraints of real enterprises. A major challenge in CFTI is securing project financing6. By 
alleviating the financing constraints of brick-and-mortar enterprises, FinTech can provide funding for climate-
friendly innovation projects, thus promoting their development. Second, enhancing the operational efficiency 
of enterprises promotes CFTI. Based on digital technologies such as artificial intelligence and big data, financial 
enterprises have digitized, data-enabled and online financial operations, thus reducing transaction costs such 
as the cost of information acquisition between financial enterprises and real enterprises68, and improving the 
speed of transactions between real enterprises and financial enterprises and the efficiency of operations70, which 
in turn improves the operational efficiency of real enterprises, improves the operational performance of real 
enterprises and provides financial support for enterprises to implement CFTI. In addition, financial technology 
can encourage energy consumption from fossil fuels to shift towards clean energy, which may also prompt 
companies to implement CFTI to utilize clean energy71.

In summary, we propose the following hypothesis:
H3: Environmental penalties indirectly influence CFTI through their inverted ‘U’-shaped nonlinear impact 

on fintech.
The relationship between the three hypotheses is shown in Fig. 1.
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Models, variables and data
Models
Modeling of direct impacts
China is a geographically vast and unevenly developed country, as noted by Chen et al. (2022, 2023). Each city 
in China has unique characteristics that impact its CFTI, and these characteristics remain stable over time. To 
account for this variable, we include city-fixed effects in our study. In addition, China follows a government-led 
economic structure, wherein the central government annually executes initiatives to promote various technical 
advancements, including CFTI, throughout all cities. These policies have a pervasive effect on every city and 
undergo annual modifications. To account for this factor, our study is informed by relevant scholarly works on 
China, including publications by Chen et al. in 2022 and 2023. Based on this, we establish bidirectional fixed 
effects for both year and city.

	 CF T Iit = α0 + β1 ∗ EP AP it + β2 ∗ EP AP 2it + η ∗ X + αi + λt + εit� (1)

where i and t are city and year subscripts, respectively; αi is to capture city fixed effects;λt is capturing year-
fixed effects, and εi,t is the random error term.CF T Iit is the dependent variable, i.e., the level of CFTI in year 
t for city i.EP AP it is the independent variable, i.e., the level of EPP in year t for city i.EP AP 2it is its squared 
term.β2 is the coefficient of the squared term, if it is significantly negative, the relationship between the EPP and 
the level of CFTI is “inverted U”. x is a control variable.

Modeling of channels of action
The analysis in Sect. “Hypotheses” shows that EPP indirectly affects CFTI by influencing the development of 
the digital economy and FTCH. The level of digital economy development (DECO) and financial technology 
(FTCH) are the mediating variables required to conduct the mechanism test in this section.

To this end, we design the following model by referring to the existing literature that studies the transmission 
mechanism through multivariate regression (e.g., Chen et al., 2022; Chen et al., 2023)2.

	 Mit = α0 + β1 ∗ EP APit + β2 ∗ EP AP 2it + η ∗ X + αi + λt + εit� (2)

	 CF T Iit = α0 + β1 ∗ EP APit + β2 ∗ EP AP 2it + ϕ ∗ DECOit + η ∗ X + αi + λt + εit� (3)

Mit, the mediating variable, represents the level of digital economy development (DECO) or financial technology 
(FTCH) in the ith city during the tth year. In Eq.  (3), X represents the control variable, identical to that in 
Eq.  (1). Similarly, X is also the control variable in Eq.  (2). Drawing from existing literature, such as Chen et 
al. (2022), we control for factors including economic development, foreign investment, industrial structure, 
financial development, fiscal decentralization, government technology investment, human capital (and its 
quadratic term), household consumption, urbanization rate, population size, and population density. Household 
consumption is calculated as the total retail sales of consumer goods in the city divided by the city’s GDP.

The test procedure is as follows: First, estimate Eq. (2) to determine the impact of EPP on the mediating 
variables. Second, after incorporating the mediating variable, estimate Eq.  (3). If the coefficient of EPP in 
Eq. (2) and the coefficient of the mediating variable in Eq. (3) are both significant, it indicates the presence of a 
mediating effect. If the coefficient of EPP in Eq. (3) remains significant, this suggests a partial mediating effect; if 
not, it implies a complete mediating effect. Fourth, if only one of the coefficients in Eqs. (2) and (3) is significant, 
the mediating effect should be further examined using the Sobel test.

Variables
Referring to the existing literature, this study was designed with the following independent, dependent, 
mediating, and control variables (see Appendix A.1 for detailed references).

Dependent variables
The dependent variable in this paper is the level of CFTI (CFTI). Lu et al. (2021), and Li & Yang (2018) measure 
the level of innovation at the regional level in terms of the number of patent applications and the number of 
granted patents per capita. Enterprises are the main body of CFTI6. Therefore, we average the number of patent 
applications and the number of granted patents for climate-friendly technologies by the number of enterprises 

H1

H3

H2

EPP CFTI

Fintech

Digital

economy

Fig. 1.  Relationship between hypotheses.
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in the city. To this end, we obtain CFTI by the number of patent applications for climate-friendly technologies/
number of enterprises in the city as a proxy variable for the level of CFTI, and we obtain rCFTI by the number 
of patents granted for climate-friendly technologies/number of enterprises in the city as another proxy variable 
for the level of CFTI.

Independent variables
The independent variable in this paper is the EPP strength (EPAP). Based on the rationale in Sect. “Introduction”, 
we obtain EPAP by Envadmin/number of firms in the city as a proxy variable for the strength of EPP. Here, 
‘Envadmin’ represents the frequency of penalties imposed on firms within the city by the environmental protection 
department. In addition, rEPAP is obtained after normalizing Envadmin based on the extreme value normalization 
method as another proxy variable for the strength of EPP.

Control variables
Referring to the existing literature12, this paper controls for various factors including the level of economic 
development, industrial structure, foreign direct investment, carbon emission intensity, financial development, 
financial efficiency, fiscal decentralization, human capital, urbanization rate, population density, and population 
size.

Mediating variables
Digital Economy (DECO) is measured by constructing a digital economy index using factor analysis. See 
Appendix A.2 for variable settings.

Financial Technology (FTCH). Following Li et al. (2020)72, we construct keywords for search and calculation 
to determine the level of FinTech development in each city, and the variable setting is shown in Appendix A.3.

Data
Data sources
Carbon reduction regulation in China, which dates back to 2008, is reflected in the China Urban Statistical 
Yearbook, updated through 2020. For this reason, this paper empirically analyzes the data of Chinese cities from 
2008 to 2020. In this paper, the data are processed as follows: (1) missing samples are eliminated; (2) the China 
Urban Statistical Yearbook no longer reports FDI in cities in 2020, so FDI in 2020 is linearly interpolated; (3) 
taking the natural logarithm eliminates the effect of outliers. To mitigate the effect of outliers, this paper applies 
the upper and lower 1% Winsorize shrinkage treatment to continuous variables, except those transformed by the 
natural logarithm. Finally, we obtained 3,293 annual-city observations.

The number of patent applications and the number of granted patents for climate-friendly technologies are 
from Wisdom Sprout, whose data comes from the State Intellectual Property Office (SIPO) but is easier to access. 
Data on EPP and the number of enterprises are obtained from Shanghai Da Zhi Cai Hui CFTI Technology Co., 
Ltd, with the CFTI data originating from the State Administration for Market Regulation. Carbon emissions 
are from the China Carbon Accounting Database (CEADs). Other data are from the China Urban Statistical 
Yearbook, the People’s Bank of China, and the Wind database.

Descriptive statistics
Descriptive statistics for the variables are shown in Appendix B.

Results
Results of direct impacts
Univariate regression
Figure 2 shows the scatterplot and univariate regression line of the level of CFTI and EPP. It demonstrates a 
relatively clear inverted ‘U’ relationship between administrative penalties and CFTI. As administrative penalties 
increase, the level of CFTI first increases and then decreases.

Multivariate regression
Controlling for year-fixed effects and city-fixed effects, we estimate Eq. (1) with CFTI as the dependent variable 
and EPAP as the independent variable with progressively increasing control variables, and we estimate Eq. (1) 
with the fixed effects model FE, and the results are shown in Table 1. Table 1 shows that the coefficients of the 
secondary terms of EPP are significantly negative at the 1% or 5% significance level, while the coefficients of the 
primary terms are significantly positive. This indicates a significant inverted “U” non-linear relationship between 
EPP and the level of CFTI. Our nonlinearity test using utest based on the estimation in column (5) shows that 
the null hypothesis of the linear or U-shaped relationship between EPAP and CFTI is rejected (p-value = 0.0175). 
The inflection point calculated by column (5) is 0.7194. Therefore, the relationship between EPAP and CFTI is 
inverted U-shaped. The empirical results support hypothesis H1. According to Table B1, the mean of EPAP is 
0.1222, and the maximum value is 1.3165. Therefore, from a national perspective, environmental penalties are 
still in the stage of promoting CFTI, but the maximum value has exceeded the turning point, indicating that 
some cities have entered the stage of suppressing CFTI.

Environmental penalties are an important environmental regulatory measure. Du et al. (2021)73, Johnstone 
et al. (2010)74, and Jaffe& Palmer (1997)16 found that environmental rules can facilitate firms to increase R&D 
investment, which in turn facilitates green technological innovation. Lee et al. (2011)17 argued that government 
intervention through technology regulation can drive firms to invest in technological innovation, and automakers 
and component suppliers in the U.S. have innovated to introduce more advanced emission control technologies 
for automotive applications. Ouyang (2020)75, on the other hand, found that in the short term, environmental 
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regulations have an “offsetting effect” on the research and innovation capacity of China’s industrial sector, 
and that the deepening of environmental regulations has forced the sector to reduce pollution control costs 
by improving the technological innovation capacity to reduce the cost of pollution control. Therefore, the 
relationship between environmental regulation and firm innovation is positively “U-shaped” and nonlinear. 
Based on signaling theory and challenge/threat theory, we find an inverse “U” shaped nonlinear relationship 
between EPP and CFTI using city-level macro data. This finding is relatively novel. In addition, based on the 
challenge/threat theory, Zhang et al. (2020)35found that the pressure generated by consumers’ awareness of the 
rule of law leads to an inverted U-shaped nonlinear relationship between consumers’ awareness of the rule of 
law and the level of fintech innovation. To some extent, our study is consistent with the findings of Zhang et 
al. (2020)35. In addition, political stability is conducive to the transition of economies towards clean energy76, 
thereby promoting CFTI from the demand side. A politically stable government will pay more attention to 
environmental and livelihood issues, and thus actively implement environmental penalties. The formulation of 
environmental regulations can promote the transformation of economies towards green electricity77, and in this 
process, CFTI will be derived. Therefore, our conclusion is somewhat consistent with the conclusion of Xu et al.

Robustness checks
Robustness tests, which addressed endogeneity, varied the measures of CFTI and EPP, controlled for mediating 
variables, and altered the estimation method, confirmed the robustness of the conclusion for H1. The results of 
these tests are presented in Appendix C.

Results based on the channels of the digital economy
The relationship between EPP, the development level of the digital economy, and the level of innovation in 
climate-friendly technologies is detailed in Appendix D.1.

With DECO as the mediator variable and EPAP as the independent variable, we use FE to estimate Eq. (2), 
and the results are shown in Table 2 Panel A column (1). Replacing the independent variable with rEPAP, we 
use FE to estimate Eq. (2), and the results are shown in Table 2 Panel A column (2). Fintech promotes the digital 
economy12, we control for the level of fintech development (FTCH) and use FE to estimate Eq. (2), which results 
in column (3) of Table 2 Panel A. To rule out endogeneity, we refer to Sect. “Results based on channels of fintech 
action” and use IV to estimate Eq. (2) based on the instrumental variables in Sect. “Results based on channels of 
fintech action”, which results in column (4) of Table 2 Panel A. From Table 2 Panel A, there is an inverted “U”-
shaped non-linear relationship between EPP and the level of digital economy development.

We use CFTI as the dependent variable, DECO as the mediator variable, and EPAP as the independent variable, 
and we use FE to estimate Eq. (3), which results in column (1) of Panel B of Table 2. We use the year-end number 
of post offices in a city (ivDEFN) as an instrumental variable. In the digital economy’s early stages, urban and 

Fig. 2.  Scatter plots and univariate regression lines for independent and dependent variables.
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rural residents in China primarily used telephones at post offices for communication and early internet access. 
A higher number of post offices typically indicated more developed early-stage digital economies in cities. The 
development of the digital economy has a certain degree of inertia. Therefore, the number of post offices at the 
end of the year in a city ivDEFN is correlated with DECO, and ivDEFN satisfies the “correlation” condition. In 
addition, the number of telephones operated by the post office can hardly influence firms to implement CFTI, 
and ivDEFN satisfies the “exogeneity” condition. For this reason, based on the instrumental variables in Sect. 
“Results based on channels of fintech action”, together with ivDEFN, we estimate Eq.  (3) using IV. Then, we 
conduct a weak instrumental variable test using weakiv. The results show that the chi-square statistic of the 
AR test is 24.02, p < 0.0001; and the chi-square statistic of the Wald test is 17.61, p = 0.0005. Therefore, ivEPAP, 
ivEPAP2, and ivDEFN rejected the hypothesis of weak instrumental variables, and ivEPAP, ivEPAP2, and 
ivDEFN are valid instrumental variables.

With CFTI as the dependent variable and ivEPAP, ivEPAP2, and ivDEFN as instrumental variables, we re-
estimated Eq. (3) using the instrumental variable method (IV), and the results are shown in Table 2 Panel B 
column (2). Dependent variables were replaced with rCFTI, and we used FE to estimate Eq. (3), and the results 
are shown in Table 2 Panel B column (3). The independent variable is replaced with rEPAP and we use the 
FE estimating Eq. (3), which results in column (4) of Table 2 Panel B. From Table 2 Panel B, digital economic 
development favors CFTI.

(1) (2) (3) (4) (5)

Variables CFTI CFTI CFTI CFTI CFTI

EPAP
0.7813*** 0.0907** 0.0937*** 0.1160*** 0.0936***

(0.0280) (0.0363) (0.0363) (0.0354) (0.0351)

EPAP2
−0.5397*** −0.0638** −0.0645** −0.0789*** −0.0651**

(0.0257) (0.0269) (0.0269) (0.0265) (0.0261)

PGDP
−0.0818*** −0.0733*** −0.0537** 0.0971***

(0.0228) (0.0239) (0.0246) (0.0257)

FDI
−0.0044 −0.0040 −0.0171 −0.0347

(0.0254) (0.0255) (0.0257) (0.0244)

INDS
−0.1757*** −0.1657*** −0.1861*** −0.1266**

(0.0610) (0.0632) (0.0645) (0.0599)

CO2
0.1677*** 0.1615*** 0.1459*** 0.1230***

(0.0146) (0.0151) (0.0151) (0.0152)

FSIZ
0.0153 0.0040 −0.0050

(0.0116) (0.0104) (0.0105)

FEFF
0.0768*** 0.0576*** 0.0508***

(0.0202) (0.0201) (0.0193)

FISD
0.1669*** 0.0958**

(0.0488) (0.0445)

SCIP
0.3386*** 0.2416***

(0.0508) (0.0545)

HCAP
−0.1347**

(0.0524)

CITY
0.0342

(0.0395)

PDEN
−0.4437

(0.8489)

POP
0.2797***

(0.0560)

Constant
0.1547*** 0.6207*** 0.5314*** 0.5145*** −1.6626***

(0.0028) (0.1463) (0.1527) (0.1538) (0.3805)

City FE NO Yes Yes Yes Yes

Year FE NO Yes Yes Yes Yes

Observations 3,293 3,293 3,293 3,293 3,293

R−squared 0.2520 0.4469 0.4498 0.4634 0.4759

N 282 282 282 282 282

Table 1.  FE estimation results for Eq. (1). Robust standard errors in parentheses, *** p < 0.01, ** p < 0.05, * 
p < 0.1, below.
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Table 2 Panel A and Panel B show that there is an inverted “U”-shaped nonlinear relationship between EPP 
and the level of development of the digital economy, with the latter favoring CFTI. Therefore, hypothesis H2 is 
valid and robust.

Results based on channels of fintech action
The relationship between EPP, fintech, and the level of innovation in climate-friendly technologies is shown in 
Appendix D.2.

Using FTCH as the mediator variable and EPAP as the independent variable, we applied FE to estimate 
Eq. (2). The results are displayed in Table 3, Panel A, column (1). Substituting EPAP with rEPAP, we use FE to 
estimate Eq. (2), and the results are shown in Table 3 Panel A column (2). The digital economy promotes fintech 
development (Chen et al., 2022b), we control for the level of development of the digital economy (DECO), and 
we use FE to estimate Eq. (2), which results in Table 3 Panel A column (3). To rule out endogeneity, we refer 
to Sect. “Results based on channels of fintech action” and use IV to estimate Eq. (2) based on the instrumental 
variables in Sect. “Results based on channels of fintech action”, resulting in Table 3 Panel A column (4). From 
Table 3 Panel A, there is an inverted “U” shaped non-linear relationship between EPP and the level of fintech 
development.

We use CFTI as the dependent variable, FTCH as the mediator variable, and EPAP as the independent 
variable, and we use FE to estimate Eq. (3), which results in column (1) of Panel B of Table 3. As outlined in 
Sect. 4.3.1, we computed the natural logarithm of the average fintech development in other cities within the same 

Panel A

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

Variables DECO DECO DECO DECO

EPAP
0.0655** 0.0592* 3.0899**

(0.0333) (0.0331) (1.5362)

EPAP2
−0.0689*** −0.0641** −2.4422**

(0.0260) (0.0259) (1.2013)

rEPAP
0.0640***

(0.0126)

rEPAP2
−0.0085***

(0.0019)

FTCH
0.0164***

(0.0036)

City FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Control Yes Yes Yes Yes

Observations 3,293 3,293 3,293 3,293

R−squared 0.2186 0.2418 0.2248 −2.5098

N 282 282 282 282

Panel B

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

Variables CFTI CFTI rCFTI CFTI

EPAP
0.0852** 1.1632* 0.0290**

(0.0348) (0.6246) (0.0138)

EPAP2
−0.0560** −0.8903* −0.0194*

(0.0259) (0.4912) (0.0111)

rEPAP
0.0263***

(0.0069)

rEPAP2
−0.0023**

(0.0009)

DECO
0.1330*** 0.4486*** 0.0240*** 0.1202***

(0.0232) (0.1668) (0.0079) (0.0238)

City FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Control Yes Yes Yes Yes

Observations 3,293 3,293 3,293 3,293

R−squared 0.4822 0.2834 0.4567 0.4843

N 282 282 282 282

Table 2.  Estimation results for digital economy channels/ Instrumental variables are tested for validity.

 

Scientific Reports |        (2025) 15:36143 10| https://doi.org/10.1038/s41598-025-11939-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


year to derive the instrumental variable ivFTCH. For this analysis, we combined ivFTCH with the instrumental 
variables from Sect. “Results based on channels of fintech action” to estimate Eq. (3) using the IV method. Then, 
we conduct a weak instrumental variable test using weakiv. The results show that the chi-square statistic of the 
AR test is 43.44, p < 0.0001; and the chi-square statistic of the Wald test is 19.45, p = 0.0002. Therefore, ivEPAP, 
ivEPAP2, and ivFTCH reject the hypothesis of weak instrumental variables, and ivEPAP, ivEPAP2, and ivFTCH 
are valid instrumental variables.

With CFTI as the dependent variable and ivEPAP, ivEPAP2, and ivFTCH as instrumental variables, we re-
estimated Eq. (3) using the instrumental variable method (IV), and the results are shown in Table 3 Panel B 
column (2). Dependent variables were replaced with rCFTI, and we estimated Eq. (3) using FE, and the results 
are shown in Table 3 Panel B column (3). The independent variable is replaced with rEPAP and we use FE to 
estimate Eq. (3), which results in column (4) of Table 3 Panel B. From Table 3 Panel B, FinTech development 
favors CFTI.

Table 3 Panel A and Panel B show that there is an inverted “U” nonlinear relationship between EPP and the 
level of fintech development, with the latter favoring CFTI. Therefore, hypothesis H3 is valid and robust.

Conclusion, implications, and outlook
Conclusion
Our paper studies the impact of administrative penalties on CFTI. We theoretically analyze the path of EPP 
affecting CFTI in terms of direct and indirect effects. Based on data from 281 Chinese cities from 2008 to 2020, 

Panel A

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

Variables FTCH FTCH FTCH FTCH

EPAP
0.3831*** 0.3516** 8.0324**

(0.1404) (0.1397) (3.3951)

EPAP2
−0.2918*** −0.2587** −6.2175**

(0.1111) (0.1107) (2.6603)

rEPAP
0.1619***

(0.0280)

rEPAP2
−0.0147***

(0.0040)

DECO
0.4811***

(0.0882)

City FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Control Yes Yes Yes Yes

Observations 3,293 3,293 3,293 3,293

R−squared 0.8808 0.8820 0.8818 0.7909

N 282 282 282 282

Panel B

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

Variables CFTI CFTI rCFTI CFTI

EPAP
0.0840** 2.2863*** 0.0274**

(0.0346) (0.7085) (0.0137)

EPAP2
−0.0577** −1.7814*** −0.0186*

(0.0256) (0.5562) (0.0110)

rEPAP
0.0298***

(0.0068)

rEPAP2
−0.0030***

(0.0009)

FTCH
0.0266*** 0.0148** 0.0087*** 0.0251***

(0.0039) (0.0075) (0.0015) (0.0039)

City FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Control Yes Yes Yes Yes

Observations 3,293 3,293 3,293 3,293

R−squared 0.4833 −0.1732 0.4611 0.4858

N 282 282 282 282

Table 3.  Estimation results for the FinTech channel. Instrumental variables are tested for validity.
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we tested this using a city and year two-way fixed effects model. We found that the relationship between EPP and 
CFTI is an inverted “U”-shaped nonlinear relationship, and the impact of EPP on CFTI is more complicated. 
In addition, EPP also affects CFTI through the digital economy and financial technology, and a non-linear 
relationship exists between the impact mechanisms as well.

Our paper conducted research based on the actual situation in China. Unlike federal countries such as 
the United States, China is a unitary state. This means that after the central government establishes an action 
plan, local governments will actively implement the action plan according to the deployment of the central 
government. In order to achieve better political achievements, local governments will also compete to 
implement the action plan, without any negative or negligent situations. In terms of environmental quality, 
after the central government established the “Blue Sky and White Cloud Defense Campaign” action plan, local 
governments have focused on improving the environment and increasing environmental penalties in order to 
improve environmental quality as soon as possible. In this way, local governments in various cities will increase 
the implementation of environmental penalties, and physical and financial enterprises within the city cannot 
avoid the pressure brought by environmental penalties through relocation and other means. On the contrary, for 
federal countries, local governments have greater autonomy and may not necessarily act in unison. In this way, 
companies can avoid the pressure brought by environmental penalties by relocating and other means. Therefore, 
the research conclusions of this article have better reference significance for unitary countries, but may not be 
applicable to federal countries.

Revelations
Our findings have the following theoretical and practical implications. First, our findings imply that environmental 
penalties should be moderate for policy makers.Climate-friendly technologies can mitigate or adapt to climate 
change6,7, which has positive implications for combating global climate change. Our study finds an inverted 
“U”-shaped non-linear relationship between EPP and CFTI. This implies that to promote CFTI, governments 
should follow the principle of “moderation” when implementing environmental regulations and imposing EPP. 
As such, it is advisable not to excessively increase penalties to promote CFTI. Second, our findings provide 
new evidence for countries to promote the development of the digital economy. Digital technologies, such as 
artificial intelligence and big data, are the technological drivers of the digital economy, and many countries, 
including China, have introduced many policies to promote the development of the digital economy, especially 
policies to promote the development of digital technologies. Our study finds that EPP also influence the digital 
economy’s development, exhibiting an inverted ‘U’-shaped non-linear effect. This implies that environmental 
authorities in all countries also have a responsibility to promote the digital economy and need to consider the 
impact on the digital economy when imposing EPP. Finally, our study provides new evidence for countries to 
promote fintech development. Fintech is expected to reconfigure the global financial system and is the focus of 
future competition among countries. For this reason, both developed countries and a wide range of developing 
countries are promoting fintech development. Our study finds that EPP has an inverted “U”-shaped non-linear 
effect on fintech. This means that the promotion of FinTech is not only the responsibility of financial regulators, 
but also the EPP imposed by the environmental protection authorities have an impact on FinTech. Therefore, to 
promote the development of fintech, financial regulators need to establish a communication and coordination 
mechanism with environmental protection departments to prevent EPP from lowering the level of fintech 
development.

Outlook
There may be other pathways for the effect of EPP on CFTI, which we did not study. This is the shortcoming of 
this paper and one of the future research directions.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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