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Natural disasters, characterized by their escalating frequency and intensification, fueled relentlessly by the inexorable forces of climate change, unambiguously underscore the urgent need to reassess our built environments and meticulously revise infrastructure design to withstand the unforgiving onslaught of these extreme events, thereby demanding concerted attention and unwavering dedication from policymakers and academic researchers to navigate this formidable predicament. The current study delves into the exploration of how natural disaster impact the course of energy technology evolution. To achieve this, This investigation uses panel data from 1990–2020 and sophisticated econometric analyses to model the effect of calamities on energy technology advancement across BRICS countries. Rigorous empirical methodologies lend credibility regarding the observed detrimental impact of disasters on innovation. The preliminary findings of the investigation suggest that natural disasters potentially exert a markedly detrimental effect on energy technology innovation. This influence is not merely confined to the year of the disaster occurrence but persistently lingers for the subsequent 4-year period. Moreover, the adverse impacts of such environmental upheavals on energy evolution seem to be mitigated by various factors. These include robust economic growth, government stability, interpersonal globalization, financial openness, trade openness, and the expansion of social globalisation. Adding further dimension to this research is the understanding that epidemics have the most pronounced negative implications on energy innovation. Concluding on a nuanced note, the study underscores a significant inverse relationship between natural disasters and low-carbon energy innovation. Interestingly, however, there is no discernible correlation when it comes to non-low carbon energy innovation. In a nutshell, this research presents a potential reference guide for policymakers, illuminating pathways to enhance the degree of energy innovation while tackling natural disasters and ensuring environmental sustainability.
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1 INTRODUCTION
Natural disaster frequency and intensity, fueled by climate change, underscore the pressing need to reassess our built environments and revise infrastructure design to withstand such extreme events, demanding concerted attention from both policymakers and academic researchers. A discernible rise in their occurrence has been witnessed, leading to growing disruptions in societal operations and impacting human lives. The profound implications of these events on societal production and livelihoods underscore the escalating urgency to address this global concern. Data presented by Chen, Li (Chen et al., 2021) reveal a 13-fold escalation in global natural catastrophes between 1960 and 2019, paralleled by a greater than 35-fold surge in affected human populace. In a pinnacle year, natural disasters rose to 900, leaving an impact on approximately 660 million individuals. It is thus imperative that patterns and consequences of disaster occurrences be studied from socio-economic vantage points for both theoretical insight and pragmatic application.
Contemporary research on natural disasters has predominantly concentrated on evaluating their impact across various sectors such as political arenas, social spheres, and economic growth. To elucidate, in the economic context, natural disasters influence crucial variables like international reserves, investor response, the insurance market, fiscal revenue, and GDP growth rate, as indicated in numerous studies (Cavallo and Noy, 2011; Strobl, 2012; Chang et al., 2013; Hood et al., 2013; Felbermayr and Gröschl, 2014; Strobl et al., 2020). Social ramifications include escalated conflict levels and population out-migration trends that are intrinsically tied to disaster incidents (Boustan et al., 2020). Politically, a positive correlation exists between the severity of disasters and an upsurge in terrorist activities and political instability (Drury and Olson, 1998; Berrebi and Ostwald, 2011).
Nevertheless, it is noteworthy that a substantial gap persists in empirical research exploring the relationship between natural disasters and their effect on technological and scientific advancements. To our best knowledge, a pioneering empirical study by Chen, Li (Chen et al., 2021) has initiated investigation into the interplay between natural disasters and technological innovation. In this study, an unbalanced panel dataset comprising multiple countries was utilized, and the system GMM estimator was employed for analysis.
Their results provide compelling evidence of natural disasters substantially impeding innovation. However, their research scope was primarily country-level analysis, thereby not delving into the impact of disasters on specific industry-based technological advancements. In addition, potential endogeneity problems arising from omitted variables were not addressed. It is crucial to recognize that energy serves as the foundation and the catalyst for economic growth, experiences an increase in consumption during natural disasters (Doytch and Klein, 2017), while simultaneously witnessing a decrease in the extent of technological transfer (Cuaresma et al., 2008). In light of these findings, our study seeks to augment the pioneering work by Chen, Li (Chen et al., 2021), focusing specifically on the relationship between advancements in energy innovation and natural disasters, utilizing patent data pertaining to energy technology.
Albeit not the sole determinant, technological innovation significantly shapes the future of clean energy, offering substantial societal benefits such as mitigating climate change, improving air quality, and bolstering energy security (Sagar and van der Zwaan, 2006; Feng et al., 2021). These benefits are particularly critical in nations susceptible to frequent natural disasters (Lee and Law, 2017).
The introduction of innovation on a national scale in the energy sector has the potential to strengthen energy security. This could be achieved by boosting the modest domestic energy production and by curtailing reliance on imported energy. In the sphere of energy financing, the role of technological innovation is pivotal in making investment and financing decisions (Johnstone et al., 2009; Wen et al., 2021a; Wen et al., 2021b; Wen et al., 2022). As a case in point, clean energy technology has been a critical venture capital component since the late 1990s (Rai et al., 2015). The intricacy and profoundness of technological innovation within the energy sector call for substantial financial backing. The determinants of energy innovation are multifaceted, involving investment in technological innovation, technician communication, and a stable external environment among others (Costa-Campi et al., 2014; Lin and Chen, 2019; Bai et al., 2020; Ren et al., 2021). These factors may also serve as conduits through which natural disasters indirectly affect technological innovation outcomes and prospects.
The discipline of disaster economics underscores that, while disasters’ detrimental effects are inextricably linked with societal and economic development, the concept of turning adversity into advantage posits that transforming disaster damage into advantages can serve as a measure of disaster management, embodying a positive perspective towards disaster response (Tang et al., 2021). By examining the influence of natural disasters on energy innovation, our study aims to identify strategies to not only minimize the inflicted damage but also potentially convert these adversities into long-term positive impacts. In light of the escalating occurrence of natural disasters and the supreme significance of innovation in the energy sector, a deeper probe into their interrelation is crucial and warrants considerable focus and debate. This area has been largely overlooked in existing scholarly works, and our study aims to fill this research gap. Figures 1, 2 illustrate the escalating human and economic impacts of natural disasters from 1900 to 2020. Figure 1 shows the dramatic increase in global population affected by catastrophes over this period. Figure 2 quantifies the rise in financial costs of disasters, representing the tremendous economic losses that amplify the humanitarian toll.
[image: Figure 1]FIGURE 1 | Affected population by disasters in BRICS region.
[image: Figure 2]FIGURE 2 | Economic losses by disasters in BRICS region.
This study employs a two-way fixed effect model to examine the BRICS region during the time span from 1990 to 2020. In this empirical research, patents associated with energy technology are considered as the dependent variable, whereas the proportion of the population affected by natural disasters is the independent variable. Our preliminary findings suggest a significant negative relationship between natural disasters and energy innovation, an effect observed not only in the year of the disaster but persisting for the subsequent 4 years. Validating the robustness of our results, we conducted multiple tests using alternative dependent variables, applying varied quantitative methodologies, and introducing additional influencing factors.
Delving into the underlying mechanisms, our empirical analysis indicates that natural disasters impede energy innovation via various channels, including economic development level, government stability, interpersonal globalization, financial openness, and trade openness. Additional insights reveal that energy innovation is significantly negative effect is exerted by pandemics. Furthermore, natural disasters exhibit no correlation with non-low carbon energy innovation but are observed to be negatively associated with low-carbon energy innovation. Our research thus extends valuable insights into the complex nexus between natural disasters and energy innovation.
The present manuscript offers seminal contributions to scholarly literature, drawing from distinct aspects. Initially, to the best of our understanding, the extant body of work is devoid of studies exploring the direct correlation of natural calamities and innovation in energy sector, with the existing studies providing tangential evidence regarding this relationship. Controversies persist surrounding the positive or negative interplay of natural disasters on energy innovation. Hence, we embark on pioneering empirical research elucidating this direct relationship, utilizing data from the Emergency Events Database. Our findings underscore the detrimental effect of natural disasters on energy innovation, thereby providing empirical confirmation of their relationship and potentially resolving the contentious academic discourse on this subject.
Secondarily, our study primarily hinges upon the two-way panel fixed effects model for the empirical analysis. Aiming to rectify potential endogeneity issues and dynamic specification issues inherent in variables, we additionally utilize the system Generalized Method of Moments (GMM) estimator to verify the robustness of our primary empirical result, an effective tool for handling autocorrelation and heteroscedasticity. We employ other robustness test methods such as adding omitted variables and alternative dependent variable specification.
Finally, this study extend our analysis beyond merely the global impact of natural disasters on energy innovation and scrutinize the effects of assorted disaster types including storms, floods, extreme temperatures, epidemics, earthquakes, and droughts. Our additional concern lies in the duration of the impact caused by disasters on energy innovation, as it is the time lag effect that we primarily focus on. The long-term effects may persist for a period of up to 4 years. The presence of distinct factors exert varying influences on the innovation of low-carbon energy and non-low-carbon energy, constituting an intriguing discovery. Our study provides supplementary evidence that fills a gap in the existing energy sector literature by examining the impacts of natural disasters. We posit that our findings will assist governments and businesses in revitalizing energy innovation output post unforeseen disasters.
The significance of this study is threefold. First, it address a gap in existing literature by providing empirical evidence on the relationship between natural disasters and innovation in energy sector. Second, the combination of panel data with utlization of the rigorous econometrics analysis for endogeneity problem represent methodological contribution. Lastly, the granular analysis of disaster types, time lags, and differences between low-carbon and non-low-carbon technologies provides novel insights.
Our objective is to uncover the mechanisms through which natural disasters impact innovation in energy technology, by deriving valuable insights from the extant studies. The prevalent body of currently establishes a connection between natural disasters and various economic indices, implying a well-developed body of research on the financial ramifications of such events. It is unequivocal that powerful natural disasters precipitate significant direct economic damage, a metric frequently utilized to quantify disaster intensity. Furthermore, the economic detriments incurred from catastrophic natural events have potential ripple effects on economic expansion (Khan et al., 2019). Economic losses from severe natural disasters can also have ripple effects on economic growth (Skidmore and Toya, 2002; Khan et al., 2020). Inevitably, following a disaster, governments increase their expenditures to rebuild affected regions and provide assistance to victims. This has a direct impact on government spending allocated to economic development. Nevertheless, it is important to note that energy technology innovation relies heavily on a favorable economic condition (Raghupathi and Raghupathi, 2017; Kochmańska, 2019). A robust economy is capable of providing more public investments and government funds, thereby strengthening energy innovation efforts (Wen et al., 2020). Therefore, the level of economic development plays a significant role in linking natural disasters to energy innovation. Furthermore, natural disasters could debilitate economic development levels by heightening aid expenditure and inducing economic losses. These factors do not contribute positively to the performance of energy innovation.
The economic consequences of calamitous events are apparent not just evident in the gross domestic product but also affect trade. Governments often increase border security and trade expenses after natural disasters, resulting in reduced cross-country trade flow (Mochizuki and Chang, 2017). The adverse effects of natural disaster have a less severe and lasting impact on merchandise trade than on service trade. This discrepancy is particularly evident in sectors characterized by capital-intensive services (Xu and Kouwoaye, 2019). Trade openness serves as a significant conduit in mediating the impact of natural disasters on energy innovation, given the close association between energy innovation and service trade. Through engaging innovative talents from other countries for their energy innovation endeavors, firms can harness the benefits of trade openness. Furthermore, empirical studies have indicated that regions characterized by higher levels of trade openness exhibit greater resilience in the face of natural disasters, thereby mitigating potential macroeconomic consequences (Noy, 2009). In the long-term, negative economic impacts from natural disasters can extend to FDI and government finances (Khan et al., 2020). Natural disasters can pose a significant obstacle to FDI inflows (Skidmore and Toya, 2002; Kukułka, 2014). Moreover, fiscal policies may require adjustment to aid in disaster recovery. This unpredictability, stemming from fiscal policy changes, can substantially decrease investment in new energy innovation (Wen et al., 2022).
Investments, particularly in the form of FDI, serve as key drivers for energy research and development (R&D), given their inherent association with innovation and supportive role in innovative endeavors as highlighted by (Antonietti et al., 2014). Consequently, financial openness is a reflection of energy R&D initiatives and outcomes, allowing us to identify the impact of natural disasters on energy innovation through financial openness. Interpersonal globalization can also serve as a channel through which natural disasters influence energy innovation. The chaotic aftermath of such disasters can deter scientific professionals from focusing on technological innovation projects (Haddad and de Alcântara Teixeira, 2015; Gualandri and Kuzior, 2023; Kuzior et al., 2023). Beyond responding to unexpected domestic shocks, Innovators might also take action based on experiences with natural disasters in other regions, such as suspending technology exchange programs due to unexpected disasters, or ceasing planned overseas exchanges (Miao et al., 2019).
Natural disasters typically lead to significant damage to infrastructure (Robinson et al., 2015), including both ICT and transportation networks. Such damage can obstruct the sharing of innovative information and hinder collaboration between innovators, thereby impeding technological advancement (J et al., 2016; Lee and Lee, 2015). Consequently, natural disasters can adversely impact energy innovation by limiting communication and learning opportunities among technological innovators globally, reducing the extent of interpersonal globalization.
Lastly, in the context of this study, it is important to recognize the influential role of political stability in the association between natural disasters and energy innovation. Major disasters often lead to increased political turmoil, as they expose societal vulnerabilities (Drury and Olson, 1998). Natural disasters can exacerbate social disagreements and resource deficits, disrupt everyday routines and societal structures, which may trigger social instability and conflict (Bhavnani, 2006). Significantly, in nations with mixed political systems and lower-middle incomes, natural disasters may significantly amplify the likelihood of domestic conflicts (Nel and Righarts, 2008).
Such societal challenges can lead to skepticism regarding governmental competence, potentially undermining its stability. More critically, natural disasters may incite fear by highlighting societal and governmental weaknesses that could be exploited by terrorist groups (Berrebi and Ostwald, 2011). Nevertheless, political conditions play a crucial role in energy transition, which influences energy innovation as delineated in (Normann, 2015). Specifically, a transition towards a more sustainable economic growth pathway can be facilitated by government-imposed environmental regulations, which can stimulate the consumption of clean energy (Wang and Lee, 2022). Intriguingly, the vested interests of governmental actors and internal governmental conflicts also emerge as crucial factors in energy transitions.
Government instability often leads to corruption, and a governance system filled with blatant corruption and poor bureaucracy generally results in substandard innovation outcomes (Wen et al., 2021b; Wen et al., 2022). Therefore, the presence of top-tier governmental institutions is crucial in sparking levels of innovation (Lee and Law, 2017; Kuzior et al., 2021; Ober and Kochmańska, 2021). In its core, natural calamities can unsettle the steadiness of a government, a state that is necessary for the progression of energy technology innovation.
In summation, this study’s contributive aspects to the corpus of literature are threefold. Primarily, to the best of our knowledge, it is the inaugural empirical investigation to utilize the Emergency Events Database (EM-DAT). The aim is to analyze the intricate interplay between natural disasters and the advancements in energy innovation, shedding new light on this vital relationship. Moreover, this study effectively bridges a gap in literature and offers solid evidence to pacify the persistent scholarly surrounding this phenomenon.
Secondly, the two-way panel fixed effect model, complemented by the system GMM estimator, is employed as the research approach in the empirical analysis. This methodology enables a thorough examination of the initial empirical results, addressing concerns related to dynamic specification and endogeneity issue in the variables. Furthermore, it proves to be effective in handling issues such as autocorrelation and heteroscedasticity, ensuring robustness in the analysis.
Thirdly, we provide an exhaustive analysis of the overall effect of natural disasters on energy innovation and take into consideration the impacts of different disaster types and their potential long-term effects. An intriguing finding pertains to the differential influences on low- and non-low carbon energy innovation.
Hypothesis 1:. The perturbations induced by natural calamities impact energy advancement through conduits such as economic evolution level, trade openness, financial openness, interpersonal globalization, and governmental stability.
Academic discourses exhibit conflicting perspectives concerning the temporal impact of natural calamities. Conventional wisdom posits a negative repercussion on economic growth ensuing from natural calamities in the short term (Noy, 2009; Cavallo and Noy, 2011). However, empirical investigation of the investment-producing destruction hypothesis unveils scenarios where calamities resulting in substantial property and capital losses paradoxically propel short-term economic evolution (Noy and Vu, 2010). Mid-term examination of natural calamities’ influence by Porfiriev (Porfiriev, 2016) reveals a decline in the GDP growth rate, with subsequent economic expansion unable to entirely mitigate the losses. This underscores the temporal lag effect inherent to the impact of natural calamities. Besides economic repercussions, energy consequences of natural calamities also manifest temporal lag effects. Preceding research validates that half a decade post a calamity-induced shock, positive ramifications on energy consumption become evident (Doytch and Klein, 2017; Chiu and Lee, 2020; Wang et al., 2022). Contrastingly, the long-term consequences of natural calamities maintain an aura of uncertainty. Evidence from Akao and Sakamoto (Akao and Sakamoto, 2018) suggests that efficient resource allocation can prevent adverse effects on long-term growth rates due to natural calamities. In cases where a calamity predominantly wreaks havoc on physical capital, economic growth might even experience a positive stimulation. Through an examination of the temporal effects of natural calamities, we establish our next postulate.
Hypothesis 2:. Natural disasters’ considerable impact on energy innovation manifests a certain temporal lag effect.
The multiplicity and magnitude of natural disasters lead to a diverse range of impacts. Some academicians advocate for a nuanced approach towards discussing the ramifications of natural disasters, suggesting that the effects should be examined separately for different disaster types. The majority of studies validate the adverse effects of various natural disasters, focusing primarily on contrasting their magnitude and duration. The collated GeoMet data by Felbermayr and Gröschl (Felbermayr and Gröschl, 2014) contributes to the substantiation of the significant and consistently negative influence of catastrophic natural disasters, such as massive meteorological and earthquakes calamities, on economic growth. Concerning technological advancement, effects of climatic disasters on technology transfer differ from those brought on by geological disasters (Cuaresma et al., 2008). Chen, Li (Chen et al., 2021) investigates the differentiation in impacts on innovation caused by various types of natural disasters and their findings reveal that technological innovation is most significantly affected by epidemics, displaying a pronounced adverse effect. Additionally, in addition to assessing the detrimental consequences of diverse disasters, several research works emphasize the favorable outcomes associated with specific disasters.
For instance, events like floods exhibit a limited positive impact on GDP growth (Cunado and Ferreira, 2011). Moreover, climatic disasters have demonstrated a positive correlation with economic growth, as highlighted in reference (Skidmore and Toya, 2002). Hence, we propose categorizing natural disasters and formulating subsequent hypotheses.
Hypothesis 3:. Depending on their types, natural disasters instigate varied effects on energy innovation.
Research regarding energy intensity unveils a varied landscape across industries, and a dissimilar connection between renewable and non-renewable energy, prompting us to explore the varying impacts of natural disasters on an array of energy technologies (Wen et al., 2017; Wen et al., 2021a; Wen et al., 2021b). It is understood that a surge in renewable energy demand spurs energy innovation output (Aflaki et al., 2015). Evidence also suggests that the renewable energy sector in wealthy countries (Chen et al., 2019), the residential energy sector in middle-income countries, and the industrial energy sector in low-income countries will experience positive effects on energy consumption (Doytch and Klein, 2017). Different types of energy consumption are distinctly affected by natural disasters, and likewise, have diverse impacts on energy technology innovations. Pressure from external events on governmental structures provides prospects for innovative renewable energy technology. Furthermore, there is a growing emphasis on low-carbon energy technology to achieve environmental conservation goals, emissions reduction, and energy saving (McJeon et al., 2011; Howell et al., 2014), steering energy innovation investments towards this sector. However, financial investments in low-carbon energy innovation may be displaced by governmental spending on rebuilding after natural disasters. Consequently, the impacts of natural disasters on low- and non low carbon energy technologies can differ significantly. Drawing upon the discussed literature, we formulate our primary hypothesis.
Hypothesis 4:. Different types of energy technology innovations are affected differently by natural disasters.
Despite the absence of explicit evidence linking disasters and energy innovation, numerous studies confirm the influence of natural disasters on financial openness, social globalization, trade liberalization, governmental stability, and economic growth. These factors are considered crucial in understanding the relationship between natural disasters and energy innovation. Although literature have examined the factors influencing energy innovation, none have accounted for the impact of natural disasters. Therefore, we propose a comprehensive model that integrates various types of disasters as potential drivers of energy innovation, enabling empirical research to be conducted.
The remaining sections of this manuscript are structured as follows. Section 2 outlines the variables, its data and sources and empirical approaches employed for estimation utilized in our study. Section 3 presents the empirical results, analysis of heterogeneity, mechanism tests, and robustness checks. Finally, in Section 4, we conclude based on the results obtained and provide policy recommendations.
2 MATERIALS AND METHODS
2.1 Data and variables
The EM-DAT database is the source of data on natural disasters, encompassing information from BRICS countries since 1990. This database is extensively employed in empirical research and holds a prominent position due to its rigorous inclusion criteria, distinguishing it from other natural disaster databases (Raddatz, 2007; Barredo, 2009; Busby et al., 2018). Data pertaining to energy innovation variables, encompassing energy technology, is procured from the BRICS energy report. This study serves as a repository of country-specific data concerning technology pertaining to energy and the environment (Panwar and Sen, 2019). Sourcing data from the BRICS energy report, which encompasses information at the national level, enables the inclusion of energy technology within the ambit of energy innovation variables related to the environment. For this study, we select the following variables explained below.
2.1.1 GINI framework
The dichotomy between the price effect and scale effect is ascribed as the principal mechanism underlying the influence of income inequality on innovation (Bertola et al., 2005). On one side, expanding market demand reduces industry monopoly. Companies that are adaptable not only survive but also operate optimally, thus motivating an increasing number of companies to engage in innovative endeavors in a competitive environment (Cook and Uchida, 2008). To demonstrate that the income gap stimulates innovation, we highlight the price effect, indicating that a widening income gap leads to an increased number of high-income individuals purchasing innovative products. Consequently, we monitor the Gini coefficient and its data is sourced from the World Income Inequality Database, represented by GINI.
2.1.2 Urban
A substantial degree of urbanization has been determined to be a salient catalyst in the amplification of technological innovation (Wang et al., 2021). This assertion equally holds true in regards to the influence on energy technological innovation. In light of this, we utilize the ratio of the urban population to the overall population as a means of gauging the urbanization rate, as represented by the proxy variable ‘Urban’.
2.1.3 Industry
There exists a reciprocal relationship between industry and innovation. Rapid industrial productivity growth results from technological overhauls, while capital accumulation lays the groundwork for technological progress. While technological innovation triggers industry change by replacing obsolete sectors, it also promotes the birth of fresh industries and the transformation of traditional ones. Simultaneously, the industry structure also encourages technological innovation. As such, following Hao, Chen (Hao et al., 2016), we account for industrial structure by using the industry’s added value as a percentage of GDP, symbolized as Industry.
2.1.4 Education
The contribution of human capital to the results of innovation is significant (Marvel and Lumpkin, 2007; Kato et al., 2014). Human capital aids in transforming resources into innovative processes. In particular, a nation’s skilled workforce greatly enhances the innovative output and competitiveness of companies (Chang et al., 2016; Ramachandran, 2017). Consequently, we control for human capital (represented by Education) using the gross secondary school enrollment rate. Hence, we account for human capital using the comprehensive secondary school enrollment rate, symbolized as Education.
2.1.5 POP
The impact of a country’s population size on innovation remains a contentious topic in academic circles. There are diverging opinions among scholars regarding the role of population size in facilitating innovation. To illustrate, Galor and Weil (Galor and Weil, 2000) in his examination of the post-Malthusian era, ascribes technological and economic progress to the exponential growth of population, thereby presenting an endogenous growth model. However, some scholars challenge this view, arguing that population growth does not invariably foster innovation and economic development. Nevertheless, an opposing stance is taken by some scholars who contest this perspective, contending that population growth does not uniformly promote innovation and the advancement of economies. Therefore, in line with Coccia (Coccia, 2014), this study adopt the use of total population (referred to as POP) as a control variable to account for its impact on energy innovation.
2.1.6 GDP
Gross Domestic Product (GDP) is recognized as a significant driver of national energy technology innovation, acting from both demand and supply perspectives (Zheng et al., 2021). From the demand perspective, GDP growth also creates significant societal demand for new products and technologies (Di Stefano et al., 2012). Conversely, on the supply side, GDP growth can augment human, material, and financial resources for innovation across all societal sectors (Kang and Park, 2012). Thus, following the method used by Chang, Wen (Chang et al., 2018), measure of economic development we utilize per capita GDP, denoted by GDP.
2.1.7 Affected
Our empirical analysis and hypothesis testing focus on the most prevalent natural disasters: floods, storms, extreme temperatures, epidemics, earthquakes, and droughts. We measure the magnitude of each natural disaster, following the methodology of (Lee et al., 2021), by the number of affected individuals normalized by the total population, denoted as Affected.
In addition to natural disaster, the control variables include urbanization level (Urban), income inequality (GINI), industrial structure (Industry), human capital (Education), total population (POP), and economic development level (GDP). The data for the majority of these variables is derived from the World Bank database. Below, you will find additional information are provided regarding these variables.
2.1.8 Patent
In the context of technological innovation, patents are frequently considered effective instruments to gauge a nation’s innovation despite certain limitations (Jaffe et al., 2000; Popp, 2005; Pradhan et al., 2018; Wang et al., 2019; Wen et al., 2021a; Wen et al., 2021b; Wang et al., 2021; Wen et al., 2022). An invention or technology that receives legal protection from the state is known as a patent. To measure energy innovation, we adopt the approach of previous research by utilizing patent data specifically related to energy technology (Albino et al., 2014; Li and Lin, 2016), which is approximated by Patent. Therefore, we predict a significant negative correlation between occurrences of natural disasters and the level of energy innovation.
2.2 Data synopsis
Upon examining Table 1, we observed marked disparities in energy technology-related patents across the sampled nations. To address this, it is imperative to understand the underlying factors contributing to this variance. Furthermore, the descriptive statistics associated with the ‘Affected’ variable elucidate significant differences in the populations impacted by natural disasters across these countries. Within the study, the correlation matrix serves as a snapshot, delineating both the magnitude and direction of linear associations among the selected variables. A primary objective of our analysis is to ascertain the presence of multicollinearity, a phenomenon observed when independent variables exhibit high correlation. Such multicollinearity can potentially compromise the accuracy and clarity of regression model interpretations. To address this concern, Table 2 provides an assessment, adopting conventional criteria: a VIF value below 5 and a tolerance value greater than 0.2 (Craney and Surles, 2002). Our findings confirm the absence of multicollinearity, with all VIF values falling below the stipulated threshold.
TABLE 1 | Data descriptive statistics.
[image: Table 1]TABLE 2 | Correlation matrix.
[image: Table 2]2.3 Estimation technique
Enlarging the sample size augments the estimation precision and substantially mitigates the repercussions of multicollinearity (Hsiao, 2022; Yang et al., 2022), which incentivizes our selection of panel data for conducting empirical research on mentioned title. The fixed effect model possesses several advantages. It incorporates the impacts of both observable and unobservable variables that do not change over time, thereby considerably reducing the model’s endogeneity (Long et al., 2022; Yang et al., 2022). Therefore, we account for country-specific, time-invariant effects like geographical attributes, ethnic traits, climate conditions, and legal origins.
Moreover, incorporating time fixed effects allows for the regulation of unchanging characteristics within the current year (Hu et al., 2021), limiting control to current year economic characteristics, like the repercussions of the economic crisis that occurred in 2008. Given these benefits, this research employs a two-way fixed effects model that controls for country-specific effects, which are constant over time but vary by country, and yearly fixed effects that are constant across countries but change over time. The proposed benchmark model for our study is as follows:
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In this study, the dependent variable encapsulating energy innovation, designated as [image: image], is quantified through the Patent metric. Concurrently, the variable corresponding to natural disasters, denoted as [image: image], constitutes an additional dependent parameter. The control variables that impact energy innovation are represented by [image: image]. Introducing the fixed effect parameter for the national context as [image: image] and designating [image: image] for the fixed effect parameter pertaining to temporal considerations, this analysis incorporates these facets. The error term is represented by [image: image].
2.4 Data sources
In this study, data from 2000 to 2020 was meticulously gathered through an assortment of reputable sources, such as the BP Statistical Review (Statistical Review of World Energy, 2020), US Energy Information Administration (U.S.Energy Information Administration, 2020), International Energy Agency (Agency I.E., 2020), World Bank (Worldbank, 2020), and Global Carbon Project (G.C Project, 2020). In addition, several national data repositories were tapped into, including Brazilian Institute of Geography and Statistics (Globaledge, 2020), Russian Federal State Statistics Service (F.S.A Agencies, 2020), Ministry of Statistics and Programme Implementation (G.OI, 2020), National Bureau of Statistics of China (National Bureau of Statistics of China, 2020), Statistics South Africa (Statistics South Africa, 2020). In Table 1, The descriptive statistics provide a summary of the key variables. Affected has a small mean (0.023) and low standard deviation (0.231), indicating that it varies narrowly around its mean. The GINI index ranges from 15.984 to 50.688 with an average value of 29.303, showing moderate variability. Urbanization levels have a mean of 66.318 and standard deviation of 9.9, suggesting a fairly consistent level of urbanization across the dataset. Industry shows a large standard deviation (42.424) relative to its mean (14.79), indicating high variability. Education ranges widely from 26.001 to 147.541, with a moderate standard deviation (18.351). Population (POP) has a small mean (0.329) but a larger standard deviation (0.486), indicating greater spread. GDP has a mean of 3.044 and a moderate spread (1.777). Lastly, the variable Patent varies significantly with a mean of 1.386 and a standard deviation of 4.069. Overall, the data suggests varying degrees of spread and central tendency across different variables.
The correlation matrix in Table 2 provides insight into the relationships between various variables. Firstly, the ‘Affected’ variable appears to have negligible linear relationships with ‘GINI’, ‘Industry’, and ‘POP’, indicated by their values being close to zero. However, there’s a slight positive association with ‘Urban’ and ‘GDP’. Interestingly, the GINI coefficient, which measures income inequality, has a strong inverse relationship with ‘Education’, suggesting that as education levels rise, income inequality might decrease. There’s also a noticeable positive association between ‘GINI’ and ‘POP’. It is worth noting that the Variance Inflation Factor (VIF) values for all variables are below the common threshold of 10. This suggests that multicollinearity, which refers to high intercorrelations among independent variables, is not a significant concern in this dataset. Specifically, ‘GDP’ has the highest VIF of 2.169 but is still well below the threshold, ensuring the reliability of the regression estimates.
3 EMPIRICAL FINDINGS
3.1 Nexus between natural disasters and energy innovation
Table 3 displays our primary findings. In column (A), we introduce the variable of natural disasters as the sole addition, devoid of any control variables. Our observations indicate a significant and negative impact of the Affected variable on energy innovation. Subsequently, we progressively incorporate additional control variables, namely, GINI, Urban, Industry, Education, GDP, and POP, in columns (B) to (F). Hence, we focus our discussion on the results obtained in column (F) due to its inclusion of all control variables, thereby enhancing the reliability of the regression outcomes.
TABLE 3 | Assessing the Influence of Natural Disasters on Innovation in Energy Technology using a Two-Way Fixed Effect Model.
[image: Table 3]Analysis of data from column (F) implies that natural disasters induce negative repercussions on energy technology innovation. To evaluate its economic significance, we calculate the result of multiplying the ‘Affected’ coefficient and the standard deviation of ‘Affected’, then dividing by the standard deviation of energy technology patent applications (Patent). An increase of one standard deviation in ‘Affected’ corresponds to a reduction of 0.015 percentage of a standard deviation in the patent applications related to energy technology [(−0.277*0.231)/4.069]. This result align with those of Lee, Wang (Lee et al., 2021), asserting significant disruptions to both nuclear and renewable energy consumption due to natural disasters. Rising energy demands pressurize energy companies to enhance efficiency, optimize operations, develop new products, and engage in increased innovative efforts to withstand intense competition. However, a decrease in energy consumption obstructs the technological innovation of energy companies.
There are various potential reasons that can be attributed to the inhibitory effect of natural disasters on energy innovation. First, the economic analysis of natural disasters, which began to gain attention in the 1950s and 1960s, was initially concentrated on the economic effects of such events. Traditional neoclassical growth theory suggests that a natural disaster has the potential to diminish per capita total output. This reduction arises from the destruction caused by the natural disaster to a portion of a country’s capital stock, thereby limiting the capacity for production. Similarly, natural disaster can also reduce per capita total output, leading to a decline in the average productivity of productive assets (Felbermayr and Gröschl, 2014). Post-disaster, government revenue shrinks due to dwindling tax exemptions and economic output, whereas financial expenditure escalates in efforts to restore basic living conditions for the affected population, bolster the economy of the affected regions, and rebuild the affected infrastructure (Debelle, 2020; Song et al., 2020; Fu and Chang, 2021). Consequently, the government reduces investment in activities related to energy technological innovation, limiting innovation performance since technological progress depends on investment in basic and applied research (Levi et al., 2020). Second, natural disasters have proven to have a negative effect on technological innovation. Scientific investigations have demonstrated that technological innovation may be adversely affected by natural disasters, primarily due to funding deficiencies, shifts in companies’ research and development (R&D) strategies, and the physical devastation of objective conditions (Chen et al., 2021). Considering the surge in technological innovation in recent years and its recognition as a key determinant in securing a competitive edge (Lee and Lee, 2013), it is postulated that the inflicted natural disasters damage on the wider technological innovation landscape will similarly permeate the energy sector. Third, Lee, Wang (Lee et al., 2021) reported that natural disasters significantly dent energy consumption. Energy security and energy efficiency constitute the objectives of technological advancement and innovation (Wang and Lee, 2022). The primary challenge confronting technological innovation in the energy sector is to ensure the provision of sufficient energy services at a minimal cost (Sagar and Holdren, 2002). The decrease in energy demand and consumption due to natural disasters slows down the pace of energy innovation. Thus, innovative activities in the energy sector are hindered after a natural disaster. Fourth, natural disasters can potentially spread terror, increasing conflict and create a turbulent external environment (Bhavnani, 2006; Berrebi and Ostwald, 2011). Consequently, the diminishing opportunities for communication and collaborative learning among technological innovation talents from various countries have a detrimental effect on energy innovation.
3.2 Time lag effect
The progression of economic and society landscapes has stimulated an increased interest in scholarly literature regarding the protracted implications of natural perturbations. The lingering consequences of environmental calamities are escalating in severity (Skidmore and Toya, 2002). Consequently, the ramifications of natural disturbances upon energy technology innovation could manifest in a delayed, or lagged, manner. Initially, these natural disasters assail the fundamental backdrop of the economy, prompting subsequent responsive actions by government bodies and corporate entities. These mitigative measures exert an impact upon the innovation of energy technology, each of which necessitates a certain span of time for execution. Therefore, the substantial repercussions of natural disasters on innovation in energy technology may manifest as a protracted effect.
To further scrutinize the effect of energy innovation lagging by 1–5 years, we conduct a detailed examination. The impact of natural disasters in the current year on energy innovation in the subsequent 1–5 years is presented in Table 4. The corresponding influence is listed in columns (A)-(E) accordingly. The findings demonstrate that the anticipated relationship between natural disasters and energy innovation remains intact in the subsequent 1–4 years. Specifically, the lag effect analysis reveals that natural shocks have a notable detrimental impact on energy technology innovation. The enduring effect of this phenomenon is not limited to the current year but extends over a span of 4 years. Additionally, the anticipated outcomes are reflected in the coefficients and significance of the primary explanatory variables across columns (A) to (E). These findings are in line with past research (Hallegatte and Dumas, 2009), who accentuated the inability of technological progress to convert a disaster into a long-term favorable event. Moreover, the influence of natural disasters on energy innovation gradually diminishes year by year to the point where it becomes indistinguishable, as evidenced by the comparison of coefficients in columns (A) to (E).
TABLE 4 | 5 Years Time lag effect.
[image: Table 4]3.3 Rigorous validation
Further exploration into the validity of our findings is performed through robustness checks encompassing the employment of alternate dependent variables, the incorporation of additional variables influencing energy innovation, and the application of diverse quantitative methodologies.
3.3.1 Cross-sectional dependence considerations
With the growing use of panel data, concerns over cross-sectional dependence in panel data models have gained attention. It is not uncommon to observe correlations between individual entities, owing to shared exposure to specific shocks. Within the scope of this study, such correlations are discernible amongst sampled nations. However, given that the non-contemporaneous dependence across different data cross-sections does not addresseed by PCSE estimators, In order to enhance the credibility of our findings, this study employed the (Driscoll and Kraay, 1998) estimator, which employs a non-parametric approach to ensure a reliable variance estimation. This additional step supports the authenticity of our results. Column (A) of Table 5 displays the results of this model, confirming the durability of our primary findings, even when considering cross-sectional dependence. (Beck and Katz, 1995). proposed the Panel-Corrected Standard Errors (PCSE) estimation method, an effective solution to the problem of cross-sectional dependence. Accordingly, our initial step involves conducting a panel PCSE model, taking into consideration cross-sectional dependence, with empirical outcomes detailed in column (B) of Table 5.
TABLE 5 | Addressing cross-sectional dependence and exploring alternative variables.
[image: Table 5]3.3.2 Alternative dependent variables
To evaluate technological innovation capabilities, we predominantly rely on measures of patents and R&D investment as indicators of innovation (Wadhwa and Basu, 2013; Wen et al., 2017; Wen et al., 2022). When considering patent applications relevant to energy technology, we also incorporate total R&D investment expenses associated with energy (denoted as R&D) to reflect energy innovation. Data was sourced from IEA Energy Technology Research, Development and Demonstration (RD&D) Statistics. Energy technology-related research and development (R&D) is significantly impeded by natural disasters, as evident from the confirmed coefficient of the disaster variable in column (D) of Table 5. This estimate substantiates the substantial hindrance caused by natural disasters to energy innovation. This could be due to the redirection of government funds to disaster mitigation, unavoidably reducing R&D expenditure in energy technology.
Furthermore, we utilize innovation efficiency as a metric for assessing the degree of innovative energy technology. Following the methodology adopted by (Hirshleifer et al., 2013), we employ the ratio of patent applications to total R&D investment associated with energy to gauge energy innovation efficiency. This indicator serves as a better reflection of a nation’s innovation level compared to patent application alone, aiding energy sector companies in their transition to a more intensive development model. Table 5 column (C) reveals that natural disasters significantly thwart energy innovation, a finding consistent across varying dependent variable indicators.
3.3.3 Endogeneity considerations
We aim to address potential endogeneity concerns by adopting several strategies, inclusive of incorporating more omitted variables that could influence energy innovation, utilizing the system Generalized Method of Moments (GMM) and the Instrumental Variables (IV) method.
(a) Implementing the Method of Instrumental Variables (IV)
Despite the effectiveness of prior robustness test methods in addressing potential endogeneity issues associated with model, certain unobserved factors continue to influence natural disaster occurrences and energy technology innovation. Thus, we have implemented the instrumental variable (IV) method to enhance robustness testing. To elaborate, we employ (Lewbel, 2012) technique to create instrumental variables utilizing exogenous variables and heteroscedasticity. To establish the instrumental variable within the econometric model, a two-step procedure is employed. Firstly, the endogenous variables are regressed on the exogenous variables, yielding the residuals. Secondly, the instrumental variable is constructed by multiplying the mean-subtracted exogenous variables with the aforementioned residuals.
A review of Table 6 column (A) displays a Wald F statistic value over 10, proving the legitimacy of the created instrumental variable. Moreover, the core findings confirm that the estimated coefficient of the variable associated with natural disasters is in accordance, affirming that natural disasters indeed obstruct energy technology innovation, despite addressing potential endogeneity issues through the instrumental variables method.
TABLE 6 | Addressing endogeneity: Incorporating omitted variables.
[image: Table 6](b) Exploring Various Estimation Techniques.
Initially, (Bai, 2009), introduced the concept of incorporating interactive effects between individuals and time in the linear panel model framework. The objective of this methodology is to effectively capture the varying influences of common factors on different individuals, thus addressing the limitations of the conventional panel fixed-effects model. In contrast, the conventional panel fixed-effects model inadequately represents the complexities associated with specific issues. On the other hand, the panel interactive fixed-effects model presents a more realistic depiction, overcoming these limitations. It duly considers the multidimensional disturbances prevailing in the real economy and the heterogeneous responses of individuals to these disturbances. Column (C) of Table 6 presents the outcomes obtained from the model incorporating fixed effects in a panel setting, corroborating the primary findings.
Furthermore, to address potential endogeneity concerns and ensure result consistency, we further employ the dynamic Generalized Method of Moments (GMM) panel estimator, as expounded upon by (Arellano and Bover, 1995). The instrumental variables (IVs) employed in this study consist of the internal lags of the endogenous variables. To estimate the model, we apply the system generalized method of moments (GMM) approach, considering both the dependent variables and other exogenous variables as endogenous. Furthermore, we adopt a two-step estimation procedure that addresses for biases inherent in small sample sizes and remains robust against panel autocorrelation and heteroscedasticity. The validity of the instrumental variables and the absence of second-order serial correlation in the random error term of the first-order difference equation are confirmed through an examination of the lower test statistics in column (B) of Table 6. Furthermore, we verify the robustness of the core regression findings.
(c) Pondering Omitted Variables
When scrutinizing the multitude of determinants that sway energy innovation within the fundamental regression, one must take into account trade openness and energy consumption. Overlooking such elements invites the risk of endogeneity, as established by (Feng et al., 2021). The prudent inclusion of other contributory factors impacting a nation’s energy innovation can significantly attenuate the adverse repercussions of omitted variable bias on empirical analysis.
In the era of global economic integration, a nation’s prowess in technological advancement is shaped not solely by internal determinants, but also by external, global influences. Notably, among these extraneous variables, the degree of trade liberalization emerges as a paramount influencer of innovation, as underscored by (Laursen and Salter, 2005; Love et al., 2013). Empirical data suggests that nations embracing elevated levels of trade liberalization tend to garner a richer influx of ideas and resources from the global ecosystem, thereby enhancing their innovative capabilities (Dahlander and Gann, 2010). Thus, to meticulously factor in this crucial determinant, we incorporate an index—denoted as ‘Openness'—that encapsulates the quotient of international commerce relative to GDP, representing the extent of trade liberalization. Furthermore, to adeptly adjust for the ramifications of Foreign Direct Investment (FDI), we incorporate it into our analytical framework, quantified by the net influx of foreign investment as a percentage of GDP, herein represented by the moniker ‘FDI'.
In Table 7, the second column elucidates the computed outcomes subsequent to the inclusion of the control determinant, Foreign Direct Investment (FDI), premised upon the prior variables. A third observation illuminates the pronounced influence of governmental ideological leanings on innovative endeavors, an assertion echoed in the empirical analysis of (Wang et al., 2019). This notable study discerned an augmentation in innovation under the governance of right-leaning political entities, contrasting with a perceivable diminution in innovative prowess under left-leaning establishments. Thus, this investigation incorporates an ideological classification (represented by ‘Ideology’) to augment its analytical depth, and pursues the execution of robustness assays. Such endeavors are manifested in the tabulation’s third column, post the annexation of the said ideological parameter.
TABLE 7 | Addressing endogeneity: Varied approaches to estimation.
[image: Table 7]As a fourth proposition, one cannot neglect the crucial correlation between energy supply-demand dynamics and energy pricing as evidenced by (Wang et al., 2011). Moreover, a myriad of intricate factors—including recurrent epidemic ramifications, exacerbated climatic aberrations, the brisk pace of ecological reformation, and an inundation of fiscal liquidity—have precipitated a pronounced disequilibrium within the global energetic spectrum. This has culminated in a formidable escalation in energy valuations, thus amplifying the inherent fragility of the energy marketplace, as delineated by (Wen et al., 2021a; Wen et al., 2021b; Wen et al., 2021c; Wen et al., 2021d). As an imperative, the intricacies of energy provision and requisition warrant rigorous scrutiny. This manuscript employs a metric of primary energy provision normalized by Gross Domestic Product (GDP)—symbolized as ‘Supply’. Concurrently, drawing parallels with the methodology espoused by (Brenton, 1997), the consumption of primary energy normalized by GDP offers a measure for energy requisition (denoted as ‘Demand’). Within the sixth tabulation, the fourth column unveils computed findings subsequent to the integration of these vital determinants—Supply and Demand—based upon preceding parameters. An analytical perusal post the adjustment for the aforementioned triad of potential confounders ratifies the tenacity of the conclusions drawn herein.
3.4 Unraveling potential mechanisms
Emerging from our comprehensive analysis of the extant literature and conjectural development section, we have deduced that natural disasters present a significant impediment to energy innovation through the following conduits: socioeconomic progress, commercial globalism, financial integration, interhuman globalization, and governmental stability. To portray commercial globalism, we introduce the international trade to GDP ratio (indicated by Openness). Financial openness is reflected through an index representing the de facto financial globalization of our sample nations, denoted as Finance, deriving from the 2020 KOF Globalization Index. Equally, the de facto interpersonal globalization index of the examined nations, represented by Personnel, is sourced from the same database as the financial openness index. Our final potential pathway is government stability (implied by Stability), where a score nearing 0 signifies heightened risk and a score nearing 4 implies decreased risk, originating from the ICRG database. Our proposed estimation model is:
[image: image]
In this model, all variables remain consistent, with [image: image] symbolizing the interactive relationship of mediating variables with natural disaster including (Stability, Personnel, Finance, GDP, and Openness). We hypothesize that elevated levels of governmental stability, interpersonal globalization, financial openness, economic development, and trade openness can attenuate the detrimental impact of environmental shocks on energy sector innovation, as elucidated in Table 8.
TABLE 8 | Potential mechanisms.
[image: Table 8]3.5 Delving into heterogeneity
3.5.1 Dissecting heterogeneity in different types of natural disasters
Distinct in their nature, mechanism, and unfolding process, different types of natural disasters exert varying influences on energy technology (Loayza et al., 2012). Hence, we scrutinize the ramifications of individual natural disasters on energy innovation. We establish variables to represent various types of natural disasters, including Earthquake, Drought, Epidemic, Temperature, Flood, and Storm. The results of these variables are displayed in Table 9. In column (G), we incorporate all variables related to natural disasters to assess their individual impact on energy technology innovation.
TABLE 9 | Findings of Heterogeneity Across Diverse natural disasters Types.
[image: Table 9]3.5.2 Findings of heterogeneity across diverse energy technology types
As humanity stands at the threshold of a pivotal shift in energy paradigms, transitioning from conventional to carbon-conscious energy systems, it is essential to appreciate the diversity encompassed within the energy technological domain. Conventional carbon-intensive energy systems are being supplanted by more sustainable and environmentally friendly substitutes such as biomass, solar, and wind energies, collectively designated as low-carbon energy. Implementation of low-carbon energy technology not only alleviates climatic transformation and attenuates carbon dioxide emissions, but also actualizes goals of ecological protection, emission reduction, and energy conservation through the deployment and amplification of highly efficient technology systems (McJeon et al., 2011; Howell et al., 2014). The creativity intrinsic to low-carbon energy technology transcends a handful of technical methodologies aiming at carbon neutrality, decarbonization, and reduction, enveloping a fundamental metamorphosis in the knowledge matrices, foundational principles, and regulations, that underpin technological progression.
The ascension of low-carbon energy technology necessitates considerable capital infusion. In the wake of cataclysmic events, governmental entities might disproportionately allocate their finite resources towards post-calamity reconstruction, inevitably impinging upon the human, material, and fiscal investments earmarked for fostering low-carbon energy innovation. Consequently, the implications of cataclysmic events on low-carbon and conventional energy technologies might manifest discernible discrepancies. The aggregate R&D expenditure pertaining to energy technology is bifurcated into low-carbon and conventional energy outlays. We investigate the differential ramifications of cataclysmic events on low-carbon and conventional energy technologies through standardizing the quantity of patents with R&D expenditure associated with low-carbon and conventional energy technology. Empirical outcomes, demonstrated in Table 10 (columns A and B), substantiate that cataclysmic events levy a significantly deleterious effect on low-carbon energy innovation, while conventional energy innovation remains unscathed.
TABLE 10 | Findings of heterogeneity across diverse energy technology types.
[image: Table 10]4 CONCLUSION AND POLICY IMPLICATION
Our primary investigation scrutinizes the ramifications of environmental shocks on advancements in energy as reflected by patent filings in the domain of energy technologies within five BRICS nations over the temporal span from 1990 to 2020. Our data-driven findings corroborate the hypothesis that climatic calamities pose a significant obstacle to innovation in the energy sector, manifested by a decrease in patent filings pertinent to energy technology, a decline in total R&D expenditure associated with energy technology, and a deterioration of energy innovation efficacy. These outcomes withstand rigorous validity checks including the use of alternative outcome variables symbolizing energy innovation, the integration of extra variables affecting energy innovation, and the employment of diverse statistical approaches. Furthermore, the detrimental effect on energy innovation lingers for up to 4 years following the incident, with pandemics exhibiting the gravest negative impact on energy technology innovation. Interestingly, climatic catastrophes significantly hinder low-carbon energy innovation, while the innovation within non-low-carbon energy remains unaffected.
Our results enrich the existing studies within the area of disaster economics, and innovation and energy economics. The scarcity of empirical analyses examining the influence of energy innovation and natural disasters on highlights the significance of our contribution. We weave together the concepts of natural disaster and energy innovation to address an existing research lacuna in disaster economics from a technological innovation viewpoint.
This study derives specific policy recommendations for governments and policymakers. Governments should prudently weigh the potential advantages of diverse disaster mitigation and prevention strategies and distinguish the unique impacts of diverse natural shocks on the technological progress within the energy industry. Such discernment will assist in the crafting of finely honed disaster intervention measures. Additionally, BRICS nations ought to strive to formulate and polish regulations and systems nurturing an environment conducive to energy innovation, thereby enhancing their capacity to combat an array of natural disasters and mitigate the damage inflicted by such occurrences.
Notwithstanding its contributions, our research is not without limitations, underscoring the need for additional inquiries. Our study did not delve into more intricate domains within the energy or resources field. We recommend for future investigations to probe specific questions such as the impact of natural disasters on renewable energy technology or the effect of floods and droughts on technological innovation in water resources. Beyond energy innovation, researching the unique influences of natural disasters on energy finance and energy price risks in various countries would yield significant scientific contributions. The purview of our research was primarily confined to OECD countries due to data availability constraints, signaling the need for forthcoming studies to broaden their geographical scope. Finally, continued exploration of the socio-economic impacts of meteorological phenomena, i.e., effects on ecosystems and green growth, is encouraged.
4.1 Underlying mechanisms of natural disasters’ influence on energy innovation
In the wake of natural disasters, particularly those of significant intensity, a cascade of consequences unfolds that impedes energy innovation. For instance, the resultant devastation to infrastructure critically damages research facilities, laboratories, and educational institutions, which are the crucibles of energy innovation. This destruction not only demands considerable resources for reconstruction but siphons off potential investments from innovation. Concurrently, these calamities can severely disrupt supply chains, leaving manufacturers bereft of vital components, thereby stalling or elongating research and development timelines. The aftermath of such events also witnesses a discernible redirection of both financial and human resources toward immediate relief efforts, leading to diminished funds for long-term innovative endeavors. This post-disaster landscape often sees the migration or displacement of essential human capital, including experts and researchers, whose absence introduces chasms in the innovation continuum. Governments, responding to the exigencies, might recalibrate policy priorities, potentially sidelining energy innovation. This environment also breeds investment uncertainties, as the looming threat of recurrent disasters makes stakeholders circumspect about funding long-term projects. Moreover, a psychological shift can permeate society post-disaster, emphasizing immediate survival over future-oriented innovation. Finally, a not-so-apparent but significant impediment is the potential loss or corruption of ongoing research data, introducing further delays in the quest for energy innovation.
4.2 Future direction of the study
The initial analyses present numerous opportunities for more rigorous empirical investigation. Thus far, innovation in energy has been quantified primarily through patent filings. However, a more comprehensive conceptualization requires examining additional indices, such as private capital investment, emerging enterprises focused on disruptive energy technologies, and academic interest as seen in scholarly publications. Additionally, comparing countries with established disaster mitigation protocols to those without could reveal relationships between resilience to exogenous shocks and technological productivity. Investigating how different disaster types (e.g., earthquakes vs. storms) uniquely impact innovation represents an intriguing potential analysis. Given the heterogeneity within the energy sector, elucidating differential recovery rates following disruptions across technologies (e.g., photovoltaics vs. wind vs. nuclear) could provide actionable insights. Moreover, accurately modeling national innovation outcomes necessitates incorporating socioeconomic factors as key variables. As societal reliance on digital technologies increases, exploring how information systems may restore innovative momentum after unexpected equilibrium disruptions warrants prioritization.
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Columns (A)-(F) demonstrate that storm, flood, epidemic, and drought significantly stifle energy technology innovation, while extreme temperature and carthquake fail o exert any tangible
impact. Analysis of column (G) underscores that epidemics wield the most profound adverse impact on energy innovation, primarily due to a drastic reduction in labor supply, a subsequent
decrease in total societal consumption, reduced returns on human capital, and the inhibition of human capital accumulation that collectively hinder a country's economic development.
Additionally, epidemics incite considerable turbulence in global financial markets (Chang et al,, 2018; Phan and Narayan, 2020) and escalate energy price risk substantially (Wen et al, 2021a;
Wen et al,, 2021c; Wen et al., 2022).
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Evaluation of all specification outcomes unveils significantly positive coeffcients for the
interactive terms Affected"Stability, AffectedPersonnel, Affected"Finance,
Affected*Openness, and Affected” GDP at the 10% level respectively. This indicates that
energy innovation is impeded by ecological shocks through the chan-nels of government
stability, interpersonal globalization, financial openness, trade openness, and economic
development. The empirical support for these five variables as mediating factors is

compelling, lending further confirmation to our first hypothesis.
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Notes: The results of PCSE, and DK, estimators, which provide insights into the matter of cross-sectional dependence, are listed in columns (A) and (B). The regression outcomes pertaining to
the alternative dependent variables are presented in columns (C)~(D). In column (C), the dependent variable is R&D, whereas in column (D), the dependent varia-ble is Efficiency. The
remaining aspects are consistent with the information presented in Table 3.
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