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	Environmental policy is expected to have a significant, positive effect on innovation.  Policies can be implemented by direct regulation, or through market-based processes. Direct regulation policies have various attributes, that affect innovation in different ways. This study investigates the effect of directed environmental policy on innovation. I examine how the stringency, and the uncertainty of environmental policy affected rates of patent counts (as a metric of innovation) in the United States from 1990 to 2006. I used a classification that identified and extracted patent counts for 16 green sectors of invention. The data was retrieved from the National Bureau of Economic Research (NBER) database of patents filed at the United States Patent and Trademark Office. I test three hypotheses predicting how particular attributes of environmental policy influence the rate of innovation in different sectors. Recently published, indices of the environmental policy stringency (restrictiveness of regulation and strictness of enforcement) and uncertainty (volatility, unpredictability) are used to measure each attribute. Three specifications of a simple time-series model were used to determine the sign and magnitude of policy attributes on patenting activity over 17 years. The results show that both stringency uncertainty index have significant and persistent negative effects on almost all patenting activities. Renewable energy technologies suffer the largest from stringency, and especially uncertainty of environmental policy; while innovation in water management and pollution abatement patents have little responses from stringency and uncertainty. The effects of uncertainty are much greater than those of stringency across all innovation sectors except pollution abatement. These findings highlight the complexity of the policy design, suggesting that regulatory policies designed to restore and maintain environmental quality must be highly certain and not too stringent if they are to also stimulate innovation.  Further quantitative analyses of long time series of national data are required.
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[bookmark: _Toc41296886]Introduction

	Environmental policies that induce environmental innovation are a high priority for policymakers, such as the Canadian Greenhouse Gas Pollution Pricing Act (GHGPPA, 2018)[footnoteRef:1]. Motivation for this paper also comes from the Porter Hypothesis, which says that a stringent and well-designed environmental policy can help firms gain a competitive advantage by inducing firms to innovate in green technologies. There are two market failures that policymakers must contend with when trying to incentivize firms to innovate. First, there is an environmental externality in which firms will pollute without having to shoulder the costs of pollution while reaping the benefits. Second, there is an innovation externality where firms do not have enough incentive to invest in environmentally innovative technologies because they will shoulder all the costs and reap few of the rewards. These two market failures cause innovation in “green” technologies to consistently fall below the social optimum, as documented by Jaffe et al. 2005, Haščič et al. 2009, and Johnstone et al. 2010a. Therefore, public policy implemented by direct regulation is important because it incentivizes firms towards socially optimal mitigation of polluting activities by innovating in green technologies.  [1:  The GHGPPA goal was to mitigate climate change through a pan-Canadian application of pricing mechanism to a broad set of greenhouse gas emission sources (Canadian Greenhouse Gas Pollution Pricing Act, 2018)] 

	Government environmental policies generally take two forms; market-based policies, such as taxes or tradeable permits, and direct regulation, such as performance standards. Popp (2019) reviews the literature on environmental policies and induced innovation, concluding that market-based policies will induce environmental innovation at a greater rate than direct regulation. However, Johnstone et al. (2010a) argue that the attributes associated with direct regulation have not been sufficiently studied to make this claim.    
	Understanding the effect of each of these policy attributes on innovation is important for policymakers. The objective of this paper is to measure the effects of two environmental policy attributes on “green” innovation in the United States during the period of 1990 to 2006. Specifically, I will be measuring how policy uncertainty and stringency affect the intensity of green (and non-green) innovations, as indicated by the number of patents registered for relevant inventions. Patenting activities are measured in aggregated counts of patents of green and non-green technologies and regressed on indices of policy attributes. Second, I look at different sectors of green technologies: renewable energy, pollution abatement, water management and other green technologies. I in all regressions I control for the level of R&D subsidies in order to take account of direct government investment into these technologies. 
	Research on the attributes of environmental policy has generally measured each attribute by industry surveys, as in Johnstone et al. (2010a) and Barradale (2008). These analyses covered short time periods, 3 years in the case of Johnstone et al. (2010a). In this study I use recently developed indices of stringency and uncertainty covering a 17 year period as the independent variables. The policy stringency index, developed by Botta and Koźluk (2014), is based on different environmental policy instruments scored between 0 (least stringent) and 6 (most stringent). The environmental policy uncertainty index, developed by Baker et al. 2019a, moves with the S&P 500 to track how the uncertainty moves with the market. These indices are calculated yearly. Patents obtained for this study are from the National Bureau of Economic Research Patent Database -2006. Using three different patent classifications I identified sixteen different technologies. 
	This paper will fit into the literature on environmental innovation. With the intention of providing evidence for the Porter Hypothesis is the U.S. Recently economists have called for the U.S. to develop more stringent and certain environmental policies, Pahle et al. (2018) and Davis (2016). Johnstone et al. (2010a) find that stringency and certainty find a positive relation with patent counts. Carriόn-Flores and Innes (2010) and Barradale (2008) show that the U.S. environmental innovation has a positive relation with stringency. 
	Following this introduction this paper is structured as follows: Section 2 is a literature review and formal statement of the hypotheses to be tested. Section 3 presents the data on US environmental innovations. Section 4 Shows the model and results. Section 5 is the conclusion and policy discussion.
[bookmark: _Toc41296887]Literature Review and Hypotheses

	Patenting has been used as an indication of environmental innovation in many different contexts, including assessment of presumed determinants of green innovation. Haščič and Migotto (2015) and Popp (2019) provide comprehensive literature reviews of the topic. Popp (2019) concludes that over the past decade, market-based instruments have produced a greater rate of innovation than has direct regulation. Johnstone et al. (2010a), however, argue that there have not been enough studies of the policy attributes of direct regulation to determine their effects on the intensity of innovation in the environmental sectors. A goal of this paper is to assess how certain attributes of direct regulations affect innovation as measured by patenting counts.
[bookmark: _Hlk41259535]	It is important to address the rate and direction of policy and innovation. Policymakers need to understand if policy is inducing innovation and if innovation is inducing policy decisions. In this paper I assume that patenting is affected by policy attributes, patents respond to new or updated policies.  Carriόn-Flores and Innes (2010) show that policy can be driven by innovation, meaning that firms will begin inventing green technologies before the policymakers can regulate for these. Carriόn-Flores and Innes (2010) also show that policy stringency in the US does not have persistent over time. Their research was important because it contrasted other works on policy attribute analysis. Research by Johnstone et al. (2010a) and Haščič et al. (2009), have measured environmental policy attributes on innovation on a panel of OECD countries. The conclusion of these papers were that policy stringency, flexibility, and certainty all had significantly positive effects on patent counts in these countries. These results are interesting however the sample countries were very large. The next step for research should be that taken at the country level environmental policy.    
	The benefits of using patent statistics to measure environmental innovation, as outlined by Johnstone et al. (2010a) and Haščič and Migotto (2015), are that patents are widely available, quantitative, commensurable, output-oriented, and capable of being disaggregated. Like other measures of innovation, patent count relevance depends on several assumptions, the most serious being that patents hold value indefinitely. Another concern is that not all inventions are patented. As Johnstone et al. (2010a) point out, intellectual property rights vary across countries, and change over time. A practical solution to these limitations on the universality of patent statistics as indicators of innovation is to constrain their use in studies to periods of constancy in each regime. Hall and Harhoff (2012) offer a review of using patent counts in the US to measure innovation. They conclude that patents hold value if they are enforced, acted on (i.e. firms profit from the use of the technology). This is difficult to measure; I assume that firms have invested in order to obtain the patent so there should be some value of that patent to the firm. Hall and Harnoff (2012) also conclude that the patenting regime in the US was the same over the time of my analysis. .   
	Patent data offer three different measures of technological innovation (Haščič and Migotto 2015): inventive activity (patent counts), inventor collaboration (counts of patents with multiple inventors), and technology diffusion (citation counts). Each of these metrics has been studied both empirically and theoretically. Empirical examples of the use of patents are; Hall and Helmers (2013), who examine how the “Eco-Patent Commons” (which is a program that allows the sharing of green patents from large firms to firms who cannot afford to do the R&D to develop green patents) diffuses ecologically focused patents from top patenting firms, at a low cost, to firms that would benefit from these inventions but cannot afford to pay the rent. Sahara (2019) finds that similarity in regulations leads to higher patenting activity by co-inventors working across national borders. In addition, market-based policies provide more flexibility and opportunity for inventor collaboration. Böhringer et al. (2017) assess how German Feed-In-Tariffs (FITs) affect patenting activity in Renewable Energy Technologies (RET), using counts of both individual patents and of patent families (collections of patent applications covering the same technical content). This study will be using patent counts; however, it will differ because I will be looking at a large amount of green technology classifications. The importance being on how green technology responses differ from the same policy attribute. 
	Direct regulation policies (not just environmental policies) have many attributes, which may have different effects on the rate and direction of innovation. Johnstone et al. (2010a) describe four key attributes of environmental policy: Stringency - how ambitious is the policy target relative to the baseline condition? Certainty - what effect does the policy measure have on investor uncertainty; is it consistent, foreseeable, and credible? Flexibility - does it let the inventor identify the best way to meet the object? and Depth: are there incentives to innovate throughout the range of potential objectives (i.e. emission targets)?  An example of environmental policy and its attributes would be a carbon tax, which is generally seen as flexible, targeted, deep and predictable. Johnstone et al. (2010a) find significantly positive effects of high stringency, certainty and flexibility on innovation in OECD countries. Haščič et al. 2009 obtain a similar empirical result: flexibility in policy design induces environmental innovation in OECD countries.
	This study focuses on the environmental policy attributes of stringency and uncertainty. The empirical literature has been based on surveys of industry opinions of policy stringency. Overall these have shown that stringency has a significant effect on the growth of environmental invention. Botta and Koźluk (2014), developed a composite index of environmental policy stringency across OCED and some non-OECD countries. The authors of the index show that it is closely correlated with and performs similarly to past measures of policy stringency. The authors created this index because there was a not a comparable cross-country environmental policy stringency index. 
	This index was used by Dechezleprêtre et al. (2016) who showed that the inventing activity is positively correlated with this index in an aggregation of OECD countries. The time period Dechezleprêtre et al. (2016) was from 1990 to 2010 which for the subject is a very long sample period, this shows how important it is for this index to be used. The stringency index for the US is slightly below most other developed countries in the OECD (i.e. France, United Kingdom, Germany, Japan).. 
	It is important that as research progresses in the field, there is a focus on country-level environmental policies (Popp, 2019). For example, Pahle et al. (2018) highlight the need for greater stringency in US climate policy on the basis that US climate policy is not adapting as quickly as Germany and California. They provide an interesting discussion of the theoretical sequence by which to ratchet up climate policy stringency in the US while keeping the market for environmental products competitive. Pahle et al. (2018) show this increase of climate regulations based on the idea of path dependency of environmental policies. The conclusion showing that environmental policy stringency is dynamic and needs to be addressed over multiple policies. The two-period sequence for is as follows; loosing restrictions in the first period of a regulation, in a climate priority which is not the main one, will offer the ability to have stringent policies to be adopted in the second period for the target climate priority.  
	Policy stringency has been measured in different ways in past research. Carrion-Flores and Innes (2010) measure policy stringency in the US implicitly in the US by measuring yearly emissions. This showed that environmental policy stringency and patent counts should be a measure of environmental innovation. The sample for this paper was from 1889 to 2004, which is about the same time period as this study.  
	Contrasting research from Johnstone et al. (2010a) shows that stringency is a determinate of patent counts. Johnstone et al. (2010a) use a simple panel of OECD countries to measure stringency on patent counts. Stringency was measured using answers from the executive opinion from the World Economic Forum (WEF). The period for the study was for five years, with the conclusion being that stringency has a positive and significant impact on patents counts in OECD countries.   
	 Uncertainty in the market can have a significant effect on innovation. Investment in technology R&D typically involves high, up-front costs, which are irreversible. If the policy changes before the end of the investment cycle, the sunk costs will be lost because the option of waiting for more certain policy is taken Davis (2016). This will deter future investment in innovating activities out of fear.  Johnstone et al. (2010a) and Davis (2016) show that when there is policy uncertainty, there then becomes an option value to not invest in innovation. Simply put, firms will wait to invest in inventing activities because there is no certainty of returns.
	Economists in the US have called for predictable and stable environmental policy regimes for many years. Krugman (2009) points out that achieving environmental targets is made increasing easy as uncertainty in policy is taken, adding that uncertainty is a very easy attribute to fix in policy development.. This is echoed by Barradale (2008) who shows that certainty in wind energy policy leads to larger investment in, and production of wind energy technologies. Davis (2016) offers a discussion of how market uncertainty in policy affects the auto industry and provides anecdotal evidence to support the conclusion that policies with a high level of certainty are well correlated with innovation intensity. 
	Certainty has been measured several  ways in the literature. For example, in contrast to the way in which I am representing certainty; Liang and Fiorino (2013) measure policy certainty as US federal R&D subsidies to selected renewable energy sectors, in terms of both persistence and magnitude. The authors conclude that incremental, predictable, and credible R&D expenditures facilitate growth in renewable energy patents. By way of support for this conclusion, Barradale (2008) examines the boom-bust nature of the US federal production tax credit (PTC) on wind energy generation. This tax is renewed annually, and there have been periods where it lapsed before the PTC was reinstated. Barradale (2008) shows that in these lapse periods, investment in wind energy dropped significantly, which discouraged future investment in wind energy. Barradale (2008) measured certainty in policy by surveying wind energy producers with questions relating to stability ranked on a scale of 1-7. This approach (using the Likert Scale) is similar to the indicators used by Johnstone et al. (2010a) (i.e. the World Economic Forms (WEF) 2006 Executive Opinion Survey, which is a key part of the Global Competitiveness Report). From the results they are able to make a point estimation based on the average response per country over a short period (three to six years)..
	Baker et al. (2019a) have released a composite index of news headlines to gauge market uncertainty, as signaled by the stability of government policies. They include a section that specifically measures uncertainty in environmental and energy regulation. I use this index here as a variable in regression analyses to quantify the uncertainty attribute of environmental policy. Innovation has been shown to be sensitive to these policy uncertainties. I seek to determine if the effects of uncertainty are significant to produce environmental patents and, by association, investment in innovation. 
	The principle hypotheses to be tested are: 
H1: Policy stringency has a significant, negative influence on patenting. The stricter the policy the less likely it will be for firms to patent green inventions. This does not agree with the Johnstone et al. (2010a) which conclude that stringency has a positive affect across OECD countries. Justification is that when policies become more stringent firms will invest to cooperate with government regulations. However, they may not patent because the new technology does not meet the regulations.  
H2: Policy uncertainty has a significant, negative influence on patenting. The higher the uncertainty index, the less willing that firms will be to patent green technologies. The magnitude of this effect will be less than the that of a stringent policy drawn from conclusions of Johnstone et al. (2010a). Which states that policy certainty has a positive and significant effect, they show that certainty is also lower in magnitude than that of stringency.  
H3: Renewable energy technologies will be strongly and significantly affected by policy stringency and uncertainty. Investments in wind energy inventions have been shown a relationship with stringency and stability by Barradale (2008). Barradale (2008) show that US wind energy patenting is heavily influenced by policy certainty. I will be testing all renewable energy technologies, to understand if they will follow the similar relationship.  
These hypotheses are very similar to those of Johnstone et al. (2010a) based on the WEF 2006 Survey. They have been tested in the industries of renewable energy sector by Barradale (2008) and Liang and Fiorino (2013), and in energy conservation technologies by Dixon et al. (2010).  In this study I use recently published indices to see how they perform and if they give similar results using a time-series of patenting in one country, as opposed to results of panel from multiple countries, the common practice in the published literature on this subject.
[bookmark: _Toc41296888]Data & Methods

	The NBER database 2006 includes all patents granted in the US between 1967 and 2006. The dataset includes patent class, IPC codes, grant year, application year, etc. It also contains a matching program to match patents to organizations and then develop a citation database for inventions and inventors. This dataset was originally developed and maintained by Bronwyn Hall (2001) which was accompanied by Hall et al. (2001) as insight and training to use this dataset. It was updated to include patents through to 2006, it was then taken over and maintained by the Harvard Dataverse and Ronald Lai (Lai et al. 2011; Dass et al. 2015). Historically, this dataset had been used for corporate finance literature and the study of the diffusion of knowledge with the citation matching program (Hall et al. 2001, Dass et al. 2015). 
	Dass et al. 2015 investigate this dataset in detail. The authors identify a truncation bias prevalent in the data and propose a technique of smoothing the data based on past patent counts which is essentially a moving average. They show that studies which draw conclusions on the later years of the sample perform poorly. Dass et al. (2015) adjusts the truncation bias with a smoothing function and shows that these studies results are not robust with the adjusted truncation bias. They also perform tests on research that uses the full sample, and cannot find that truncation has a significant effect on the results. Hall et al. (2001) identify a similar bias, but they propose a solution by adjusting the data for specific, anomalous years. Dass et al. (2015) test this approach and find that it does not adjust for the bias, and that the studies which use these data still do not have robust results when using years from the latter part of the NBER dataset. Johnstone et al. (2010b) present a study of total number of environmental technology inventions using the PATSTAT database of 80+ countries. The authors implicitly suggest that the data used also has some truncation bias, because they present the dependent variable using a three-year moving average, as I have also presented the data in figures 1-5. 
	 The patent classification for this paper in Appendix A is very large. Using this classification, run over the dataset to identify green and non-green patents. I developed a panel dataset indexed on technology and time. This follows Böhringer et al. (2017) classification used on studying German feed-in-tariffs. Once the green patents have be identified, I classified remaining technologies as “non-green”. I classified “green” inventions using WIPO (IPC Green Inventory), OECD (Env-tech classification), and Johnstone et al. (2010b). I added technologies energy storage devices for both renewable energy sectors (i.e. geothermal and wind). 
	The control variable for U.S. federal R&D subsidies is in the following sectors:  environment, energy, transportation, agriculture, and the total for the US. These were retrieved from the OECD data on Government budget subsidies for R&D by sector. It is a common practice in literature factor in public R&D funding into green innovation research. (Böhringer et al. (2017); Nicolli and Vona (2016), Johnstone et al. (2010b)) account for R&D in green innovations. I wanted to capture the R&D subsidies in the various sectors. Following the lead of Johnstone et al. 2010a in measuring green technologies across the whole environmental classification, on policy uncertainty, stringency, and flexibility.  It is also common to lag R&D subsidies in regression studies like this one. When running the model, however, using lagged R&D subsidies did not come up with any results different from what is presented.
The environmental policy uncertainty index was published in 2019. The authors of the accompanying research (Baker et al., 2019b) do point out that this index has been found to have a significant effect on investment in environmental technologies. 
[image: ]
[bookmark: _Toc41296889]Figure 1. Patenting activity in the US (3-year moving averages). The total number of patents applied for, overall and non-green technologies (left axis), green technologies (right-axis).

	Figure 1 presents the whole dataset of patents granted in the United States between 1966 and 2006. It takes this shape because the dataset does include patents that were applied for before 1966 and granted after 1966. The dataset does not capture patents granted after the 2006 cut off, hence the steep decline (which is not indicative of continued patent statistics). Since the average lag between application and grant was three years, the number of patents applied for and granted in 2006 is very small. . It took the same shape, so I presented the priority date because it is the common practice in the literature (Johnstone et al. 2010a; Nicolli and Vona 2016; Böhringer et al. 2017; etc.). Within the green patents, the IPC classification identifies 16 unique technologies in the data. These include air pollution abatement, water pollution abatement, soil remediation, etc. (Table 1).  
	  
	  N
	  Mean
	  St.Dev
	  max
	  min

	 Total patent
	17
	130000
	38547.26
	182351
	50095.25

	 Green patents
	17
	4922.706
	1369.325
	6782.5
	1775.5

	 Non-green patents
	17
	128000
	38162.39
	180000
	49560.75

	 Air
	17
	806.941
	211.548
	1047
	262.75

	 Wind
	17
	24.176
	10.91
	44.75
	13.25

	 Solar
	17
	125.441
	50.039
	206.5
	50.75

	 Waste
	17
	194.456
	73.217
	279.75
	29.25

	 Ocean
	17
	7.912
	1.528
	10.75
	4.25

	 Environmental Monitoring
	17
	4.368
	2.033
	7.5
	1.5

	 Geothermal Energy
	17
	8.265
	6.167
	20
	1.5

	 Water Conservation Technologies (water demand)
	17
	77.912
	17.428
	102.25
	24.75

	Water Availability Technologies (water supply)
	17
	15.471
	5.768
	24.75
	7.25

	 Soil Remediation
	17
	6.809
	4.89
	12.5
	.25

	 Administration, Regulatory, and Design
	17
	138.338
	74.717
	266.75
	53.25

	 Agriculture and Forestry
	17
	922.132
	369.688
	1426.25
	121.25

	 Biomass and Waste Energy
	17
	88.515
	32.124
	118.75
	7.25

	 Energy Conservation
	17
	1601.471
	560.41
	2491.75
	866.25

	 Nuclear Power Generation
	17
	186.706
	79.917
	288
	26.25

	 Transportation
	17
	316.559
	80.327
	452
	156.5

	 Water Pollution Abatement
	17
	397.235
	97.586
	484
	121.75


[bookmark: _Toc41296890]Table 1. Summary statistics of patent data
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[bookmark: _Toc41296891]Figure 2. U.S. Patent counts (3-year moving average) for renewable energy inventions by source of energy (left axis). Patent activity for nuclear energy generation and energy conservation are scaled on the right-axis. All other technologies are scaled on the left-axis. 

	The rest of the patent count data is presented in Figures 2-5. Due to data restrictions on the availability of the other variables, I was only able to do the analysis of patents from 1990-2006. Thus, the figures showing the breakdown of the different clean technologies only represent the data from 1990-2006. It is also interesting to see how the clean patents performed over the entire dataset (1966-2006, Appendix B). Data on renewable, alternative energy and energy conservation during the 17 year period are presented in Figure 2. Energy conservation is presented on the right axis, while the rest of the sectors are on the left. Energy conservation technologies include storage of thermal energy, electroluminescent light sources (LED, OLED, PLED), thermal building insulations recovering mechanical energy.  Nuclear energy out preforms all other energy sources in the dataset, while ocean generated energy is the lowest-performing renewable energy source. I have added some patent IPC codes to the original patent classification, namely; monitoring and testing wind motors, the transmission of mechanical power in wind turbines, solar heat collectors, geothermal heat collectors, and use of heat from natural sources. 
	Biomass and waste energy patenting activity follows a relatively constant pattern until about 2002. this could from a problem in the patent classification not capturing these technologies. Solar innovations map very closely to the analysis of Johnstone et al. (2010a) with a steady climb in the 1990s. 
[image: ]Figure 3. US Patent activity (3-year moving average of counts) for selected environmental management technologies, patent application-claim priorities in the US (left axis). Soil remediation and environmental monitoring are scaled on the right-axis. 
	
	U.S. patent activity data related to pollution abatement in air, water, and soil, as well as environmental monitoring technologies and waste management are presented in Figure 3. Air pollution abatement out performs other types of pollution abatement technologies. Interestingly, air pollution abatement technologies out perform the top innovating countries identified in the Johnstone et al. (2010a) study. Water abatement technologies are on par with the countries surveyed by Johnson et al. (2010a) research. The U.S. has predominantly been the top performer in water abatement technologies. Environmental monitoring technologies include monitoring or diagnostic devices for exhaust-gas treatment apparatus and alarms to single a single abnormality or undesirable condition. Environmental monitoring takes an initial quick growth with a dip and recovery during the 1990s (Fig. 3). 
[image: ]
[bookmark: _Toc41296892]Figure 4. Water management technologies, patent applications-claimed priorities, US, 3-year moving average

	U.S.  patent activity in water-related adaptation technologies are plotted in Figure 4.. Demand-side water adaption inventions are related to how water is consumed and used in households and industries. Demand-side technologies include self-closing valves, regulators for aerating, greywater supply systems, controlling water, etc. Supply-side technologies are technologies used in sourcing water. Supply-side technologies include; collecting water from underground, collecting and storing rainwater, arrangements or adaptation of tanks for water supply, etc. From the data presented above, water conservation technologies outperform water supply protection. 
	The rest of the environmental technologies that I was able to capture in the patent classification is presented in Figure 5. These technologies include green agriculture and forestry practices, transportation, administration, regulation, and design aspects of environmental innovation.  Administration, regulatory, or design aspects include patents that pertain to teleworking or reducing environmentally harmful commuting activities. This sector also includes the design of static structures. Environmentally friendly agriculture and forestry techniques include alternative irrigation, alternative pesticides, soil improvement (separate from soil remediation in the pollution abatement section), and fertilizers derived from waste. Environmentally friendly transportation patents include hybrid vehicles, electric vehicles and, the associated batteries designed for these types of vehicles. This section also includes vehicles powered by wind, human-power, and nuclear propulsion. Green transportation inventions and administration, regulatory, or design inventions had a gradual and constant growth evident over the dataset. Green agriculture and forestry systems saw a very high and steep growth of patenting activities over the period. The result of green agriculture and forestry activities is one of the largest in the various technologies.    
[image: ]
[bookmark: _Toc41296893]Figure 5. Other environmental technologies applications-claimed priorities, US, 3-year moving average

[bookmark: _Toc41296894]Environmental Policy Attributes

	As noted above and by Johnstone et al. (2010a); the assessment of the effect of environmental policy on technological innovation requires that, the policy be broken into its’ attributes. Here, I focus on the US environmental policy stringency and uncertainty. 
	Figure 6 shows the environmental and energy regulation uncertainty index from Baker et al. (2019b). This is an index which shows how the equity market fluctuations based on policy new announcements. Davis (2016) shows this index has a significant effect of this index on investment in new inventions.[image: ] Figure 6: Equity Market Volatility Tracker: Energy and Environmental Regulation, a measure of environmental policy uncertainty. Baker et al. (2019b). 
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[bookmark: _Toc41296895]Figure 7: Environmental Policy Stringency Index for the U.S. from Botta and Koźluk 2014. 

	Figure 7 shows the environmental policy stringency index developed by Botta and Koźluk (2014). Johnstone et al. (2010a) argues that there is too much heterogeneity within the country and across country environmental regimes to have a general index such as this. However, Botta and Koźluk (2014) shows that this index responds similarly to the past survey measures of policy stringency. Due to the starting point of these indices, I will be running the regression model analyses on the data contained in the overlapping time periods available in the patents spanning 1966-2006, R&D subsidies and environmental and energy regulation uncertainty from 1981-2006, and the environmental policy stringency index from 1990-2006. This will have to be considered when interpreting the results and testing the hypothesis set out in section 2. 
	  
	  N
	  Mean
	  St.Dev
	  max
	  min

	 Stringency Index
	17
	1.113
	.341
	2.133
	.583

	 Policy Uncertainty Index
	17
	.228
	.069
	.387
	.138


[bookmark: _Toc41296896]Table 2. Summary statistics of the policy attribute indices 

	Figure 8 shows the total amount of R&D subsidies by the federal government in the sample period. Total R&D goes through a period of aggressive growth after 2000. Most  subsidies stay constant with the, exception of energy generation R&D which decreases quickly in the late 1990s before becoming relatively constant in the early 2000s.  
[image: ]
[bookmark: _Toc41296897]Figure 8: R&D allocations by sector, in millions of 2015 USD. Total R&D allocations are shown on the right-axis, while the all other R&D allocations are shown on the left-axis.
	  
	
	  N
	  Mean
	  St.Dev
	  max
	  min

	 Total R&D
	
	17
	110,000
	12,534.88
	133,000
	97,479.23

	 Agriculture R&D
	
	17
	2,689.949
	362.606
	3,222.563
	2,146.264

	 Environment R&D
	
	17
	753.512
	48.167
	822.663
	647.991

	 Energy R&D
	
	17
	2,807.254
	1392.596
	4,904.181
	1,318.521

	 Transportation R&D
	
	17
	2,428.945
	271.912
	2,909.816
	1,828.847


[bookmark: _Toc41296898]Table 3. Federal Government Allocations are given in constant 2015 USD, given in millions.
[bookmark: _Toc41296899]Empirical Strategy

	The empirical strategy selected is like the models used in JHK, Johnstone et al. (2010b), Böhringer et al. (2017), and Nicolli and Vona (2016). This model is used to test the hypothesis outlined in section 2. The first specification will deal with all patents, green and non-green. This will examine how uncertainty and stringency affect patenting overall. 

	TOTPATt is the total number of patents in the data, t represents the year in which the observation was taken. STRINGt is the stringency index value for each year. UNCERTt is the value of the uncertainty index for each year. TotalRDt is the total amount of R&D subsidies by the U.S. federal government indexed by time. 
The second specification will deal with the green patents exclusively and the effects of stringency and uncertainty on green patenting. GREENPATt is the total amount of green patents indexed by t to represent time. 

The third specification will deal with the panel data on the individual sectors where the data on R&D was available. 
 indexed by i and time is indexed by t. These specifications are meant to test the hypothesis in section 2. The first two will test how stringency and uncertainty are related to total patenting activity in the dataset. The third specification is used to subsample in order to disentangle effects on specific sector technologies. The dependent variable represents patents applied for that year that have been granted in a sector. Either one of the sixteen green sectors. TotalRDt in specifications (1) and (2) is the R&D subsidies by the US government for each year.  in specification (3) is indexed by R&D subsidies in the sectors listed above. STRINGt represents the environmental policy stringency index. UNCERTt is the uncertainty index used, the environmental and energy policy regulation index, based on equity market volatility from policy announcements. 
	PATi,t are the patent counts indexed by i for technology and t for year. R&Di,t is the total amount of R&D subsidies by the U.S. federal government indexed by technology i and year t. TOTPATt is included because it is a necessity to control for the propensity to patent across sectors. This captures the effect of innovation above and beyond that of environmental patenting. TOTPATt reflects the total number of applications (claimed priorities) filed across the spectrum of technologies. As outlined by Johnstone et al. (2010a), this variable is, both a scale and a trend variable. In the analysis, specification (3) will be presented with the full sample and the technology sectors. This is to test my third hypothesis, the renewable energy technologies will be influenced by uncertainty and stringency more than other green technologies. 
	There are two  options for the estimating model; negative binomial and Poisson. Johnstone et al. (2010a) and Johnstone et al. (2010b) estimate with a negative binomial distribution. Böhringer et al. (2017) offer an interesting comparison of the two estimation methods. Ultimately concluding that the negative binominal estimation as able to handle a larger overestimation than was found in the data. I have used a negative binomial model to as an estimate for the models. 
[bookmark: _Toc41296900]Results

	The results for the negative binomial models are presented in tables 4 and 5. Table 4 are the simple time-series regressions from specifications (1) and (2).  This show that stringency and uncertainty both have significant negative effects on patent counts. However, the magnitude of uncertainty is much larger than stringency, this disagrees with my second hypothesis. It appears that these effects are the same for the full dataset of all patents and green patents. 

	
	Total Patents
	Green Patents

	 
	1
	2

	VARIABLES
	Model 1
	Model 2

	 
	 
	 

	Stringency Index
	-3.61135***
	-3.33207***

	
	(0.00000)
	(0.00000)

	Policy Uncertainty Index
	-28.43795***
	-24.83283***

	
	(0.00000)
	(0.00000)

	Total R&D
	-0.00035***
	-0.00030***

	
	(0.00000)
	(0.00000)

	Constant
	65.32597***
	53.90226***

	
	(0.00000)
	(0.00000)

	
	
	

	Observations
	17
	17

	Log likelihood
	-112.4
	-84.91

	Robust standard errors in parentheses
	
	

	*** p<0.01, ** p<0.05, * p<0.1

	
	



[bookmark: _Toc41296901]Table 4. Results of the negative binomial estimation for specification (1) and (2)
16


	 
	1
	2
	3
	4
	5
	6

	VARIABLES
	Full Sample
	Only 
Green Patents
	Renewable Energy
	Pollution Abatement
	Water Management
	Other Environment Technologies

	 
	 
	 
	 
	 
	 
	 

	Stringency Index
	-2.52777***
	-2.49570***
	-8.68660**
	-2.46210***
	-0.69565*
	-3.03909***

	
	(0.16089)
	(0.18022)
	(3.99713)
	(0.18256)
	(0.36474)
	(0.30167)

	Policy Uncertainty Index
	-13.89041**
	-14.96424**
	-43.81427*
	-1.32167
	-2.93526
	-15.76990

	
	(6.46058)
	(7.04259)
	(25.62949)
	(0.88642)
	(2.02078)
	(13.33444)

	Research and Development
	-0.00000
	0.00003
	-0.05478
	-0.00255
	0.00894***
	-0.00104***

	
	(0.00001)
	(0.00011)
	(0.03400)
	(0.00168)
	(0.00049)
	(0.00040)

	Total Patents
	0.00002***
	0.00002***
	0.00014*
	0.00002***
	0.00002***
	0.00003***

	
	(0.00000)
	(0.00000)
	(0.00007)
	(0.00000)
	(0.00000)
	(0.00000)

	Constant
	14.42950***
	9.57312***
	104.26842*
	9.40143***
	-3.67695***
	9.09818***

	
	(1.84431)
	(1.34046)
	(61.40413)
	(1.38115)
	(1.07238)
	(1.83276)

	
	
	
	
	
	
	

	Observations
	306
	289
	119
	85
	34
	51

	Log likelihood
	-1540
	-1348
	-538.1
	-373.8
	-106
	-279.5

	Robust standard errors in parentheses
	
	
	
	
	
	

	*** p<0.01, ** p<0.05, * p<0.1

	
	
	
	
	
	


[bookmark: _Toc41296902]Table 5. Results from negative binomial estimation for model (3). Patenting activity by different sectors.
	Table 5 shows the result of the third specification. Column 1 represents the full dataset with all technologies. Column 2 is the data for only green technologies indexed by technology. Columns 3 to 6 are the different green sectors; each sector includes different technologies. The observations count for table 5 vary because each sector has a different number of technologies in them. For example, renewable energy sector has seven technologies and pollution abatement has 5 technologies. The coefficient of TOTPATt is positive and highly significant for all specifications and model variations. This is important to show that the patenting activity in environmental patenting is also explained by patenting across sectors, this is aligned with the results of Johnstone et al. (2010a). 
	The Stringency index seems to have a negative and significant coefficient across all four of the technology categories, except pollution abatement technologies. This shows that a policy with a high level of strictness in regulatory enforcement will deter patenting activity by potential innovators. 	 
[bookmark: _Toc41296903]Conclusion 

[bookmark: _Hlk41210987]	Given the global challenge of policymakers to grow green innovation while continuing to grow economic growth, it is essential that we understand the drivers and impediments of innovation. Regressions of modern indices of policy on patent statistics failed to reject three hypotheses about the effects of policy stringency and certainty, and the high influence of technological advancements of renewables to the policy attributes of directed environmental policy and regulation. Some environmental policy decisions can be made with a little more confidence as a result. 
	The results for the hypothesis presented in section 2 are as follows: Policy stringency did have a significant, negative influence on U.S. patenting activity between 1997 and 2006. The implication is that the stricter the policy, the less likely it will be for firms to patent green inventions. This suggests that the negative effects of policy stringency on innovation are universal. But, when the patents are disaggregated into green sectors, a large diversity of effect is evident (Table 5). The mature technology sectors (e.g. water management and pollution abatement, which are defined by Nicolli and Vona (2016)) are less influenced by policy stringency, while less mature sectors (e.g. renewable energy) suffer much more negative effect (Table 5). An implication is that policies must be customized for the different sectors to avoid stifling innovation in those that are most vulnerable to inhibition of R&D.
	Policy Uncertainty did have a significant, and large negative influence on U.S. patenting activity between 1997 and 2006. The implication is that the less certain (i.e. predictable) the regulatory policy is, the less willing inventors and firms will be to patent inventions, particularly in the renewable energy and environment technology sectors (less so in the pollution abatement and water management sectors). This pattern of policy effects across green industry sectors is consistent with that found for policy stringency (H1 above), but the corollary to H2, that the magnitude of the uncertainty effect will be less than the that of stringency effect is firmly rejected by the results of this analysis. When I divide the data into the environmental sectors, it becomes apparent that the effects of policy uncertainty exhibit great variability among sectors, having a very large, negative effect on patenting activity in the renewable energy sector, and also for environment technologies. This result supports the last hypothesis.
	Market-based instruments generally perform better than targeted policy for environmental innovation (Popp, 2019). However, not enough research has been done on direct regulations effect on innovation. In order to measure the impact of directed policies, it is informative to break the policy into its attributes and assess how different attributes contribute to achieving the best innovation outcomes. Another problem is that the generality of the regulatory policies makes it difficult to identify the specific attributes that affect innovation intensity. Previous studies relied on surveys of industry members’ opinions on the attributes. Johnstone et al. (2010a) and Barradale (2008) show how the industry perceives certainty in policies, and how uncertainty has a negative effect on innovation Liang and Fiorino (2013) use the persistence of government R&D funding to measure policy certainty. Haščič and Migotto (2015) show how flexible policies help inventors in finding creative ways of adhering to regulations.
	Recently, indices have been developed to measure some specific attributes of directed regulations. This study uses two of these measures to measure innovation, based on patenting activity, in the United States. Using the NBER (2018) patent database from 1990-2006 as a metric of innovation, I found that policy stringency has a negative effect on innovation intensity. The more ambitious the policy, the more negative the effect. This result is not consistent with past literature on the topic.  An explanation for this could be; as policy gets more stringent firms will invest in producing green technologies but only patent the ones in which fit the regulation, which is one of the problems with using the patent counts. Carriόn-Flores and Innes (2010) show that policy stringency becomes less significant over time.  
	I find that the index of environmental policy uncertainty gives negative results in regressions on patenting activity. However, these indices can provide insight to how the various attributes of policies change over long periods of time. Johnstone et al. (2010a) was able to find a significant response of stringency, stability, and flexibility on green innovation over three- and five-year periods. However, this is a short time period, environmental innovation and policies usually take place over longer periods. The 17-year data sample that I used shows how two recently designed measures of policy attributes influenced patenting activity in the US over an immense range of social, political, economic and environmental conditions. Thus, adding a study with a longer time period can allow for a deeper understanding of how policy attributes can change. Obviously, both approaches are more informative than either one. An obvious, but surprisingly uncommon strategy is to undertake research on the relationship between environmental policy and innovation at the level of the individual country. 
	There is an endless diversity of innovation in the modern World, which have important effects on green and dirty inventions. In the context of empirical methodology, I built a comprehensive patent classification for identifying green and non-green technologies. My analysis sought to differentiate the possible differences in the response of green innovations from policy attributes. The effect of stringency in environmental policy on the innovations was significant and negative. These unintended effects do not agree with past research on environmental policy stringency. This is a signal that policymakers should take a country level approach to assess policy attributes. In addition, I found that different sectors of green technologies have differing impacts from policy attributes. Pollution abatement technologies in this study were found to be positively impacted by stringency. Country level effects need to be studied to explain these results. For example, how do regulation updates compare to new regulatory programs. Which policy attribute has effects over different technologies? In addition, countries such as the US and Canada have state/provincial level regulation. How do these policies spur innovations in different states/provinces in the same country? This, in my opinion, is one of the most important questions for the US.  
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[bookmark: _Toc41296906]Appendix A: Patent Classification IPC Codes
Sources: This classification was an amalgamation of three environmental patent classifications and patents which I have added. Johnstone et al. (2010b), OECD ENV-TECH patent search strategy for green growth indicators (OECD 2015), and IPC Green inventory from WIPO (WIPO 2020).
	Technology
	IPC Codes

	Air Pollution Abatement
	

	Chemical or biological purification of waste gases
	B01D53/34-72

	Incinerators or other apparatus specifically adapted for consuming waste gases of noxious gases
	F23G7/06

	Arrangements of devices for treating smoke or fumes of purifiers 
	F23J15

	Shaft or like vertical or substantially vertical furnaces; Arrangements of dust collectors
	F27B1/18

	Blast furnaces; Dust arresters
	C21B7/22

	Manufacture of carbon steel; Removal of waste gases of dust 
	C21C5/38

	Combustion apparatus characterised by means for returning flue gases to the combustion chamber or to the combustion zone
	F23B80

	Combustion apparatus characterised by arrangements for returning combustion products or flue gases to the combustion chamber
	F23C9

	Apparatus in which combustion takes place in a fluidised bed of fuel or other particles
	F23C10

	Processes, apparatus or devices specially adapted for purification of engine exhaust gases
	B01D53/92

	…by catalytic processes
	B01D53/94

	Regeneration, reactivation or recycling of reactants
	B01D53/96

	Catalysts comprising metals or metal oxides or hydroxides; of noble metals; of the platinum group metals
	B01J23/38-46

	Crankcase ventilating or breathing
	F01M13/02-04

	Methods of operating engines involving adding non-fuel substances including exhaust gas to combustion air, fuel, or fuel-air mixtures of engines; the substances including exhaust gas
	F02B47/08-10

	Controlling engines characterised by their being supplied with non-fuel gas added to combustion-air, such as the exhaust gas of engine, or having secondary air added to fuel-air mixture
	F02D21/06-10

	Engine-pertinent apparatus for adding exhaust gases to combustion-air, main fuel, or fuel-air mixture
	F02M25/07

	Testing of internal-combustion engines by monitoring exhaust gases
	G01M15/10

	Methods of operating engines involving adding non-fuel substances or anti-knock agents to combustion air, fuel, or fuel-air mixtures of engines; the substances including non-airborne oxygen
	F02B47/06

	Electrical control of supply of combustible mixture or its constituents
	F02D41

	Conjoint electrical control of two or more functions, e.g. ignition, fuel-air mixture, recirculation, supercharging, exhaust-gas treatment
	F02D43

	Electrical control of combustion engines
	F02D45

	Idling devices for preventing flow of idling fuel
	F02M3/02-055

	Apparatus for adding secondary air to fuel-air mixture.
	F02M23

	Engine-pertinent apparatus for adding non-fuel substances or small quantities of secondary fuel to combustion-air, main fuel, or fuel-air mixture.
	F02M25

	Apparatus for treating combustion-air, fuel, or fuel-air mixture, by catalysts, electric means, magnetism, rays, sonic waves, etc.
	F02M27

	Apparatus for thermally treating combustion-air, fuel, or fuel-air mixture
	F02M31/02-18

	Fuel-injection apparatus
	F02M39-71

	Advancing or retarding ignition; Control therefore
	F02P5

	Filters or filtering processes specially modified for separating dispersed particles from gases or vapours
	B01D46

	Separating dispersed particles from gases, air or vapours by liquid as separating agent
	B01D47

	Separating dispersed particles from gases, air or vapours by other methods
	B01D49

	Combinations of devices for separating particles from gases or vapours
	B01D50

	Auxiliary pre-treatment of gases or vapours to be cleaned from dispersed particles
	B01D51

	Separating dispersed particles from gases or vapour, e.g. air, by electrostatic effect
	B03C3

	Exhaust or silencing apparatus having means for purifying or rendering innocuous
	F01N3

	Exhaust or silencing apparatus, or parts thereof
	F01N7

	Exhaust or silencing apparatus characterised by constructional features
	F01N13

	Electrical control of exhaust gas treating apparatus
	F01N9

	Monitoring or diagnostic devices for exhaust-gas treatment apparatus
	F01N11

	Use of additives to fuels or fires for purposes for reducing smoke development
	C10L10/02

	Use of additives to fuels or fires for purposes for facilitating soot removal
	C10L10/06

	Water Pollution Abatement 
	

	Arrangements of installations for treating wastewater or sewage
	B63J4

	Treatment of water, wastewater, sewage or sludge
	C02F

	Chemistry; Materials for treating liquid pollutants, e.g. oil, gasoline, fat
	C09K3/32

	Plumbing installations for wastewater
	E03C1/12

	Sewers – Cesspools
	E03F

	Fertilisers from wastewater, sewage sludge, sea slime, ooze or similar masses
	C05F7

	Devices for cleaning or keeping clear the surface of open water from oil or like floating materials by separating or removing these materials
	E02B15/04-10

	Vessels or like floating structures adapted for special purposes - for collecting pollution from open water
	B63B35/32

	Materials for treating liquid pollutants, e.g. oil, gasoline or fat
	C09K 3/32

	Waste Management 
	

	Street cleaning; Removing undesirable matter, e.g. rubbish, from the land, not otherwise provided for
	E01H15

	Transporting; Gathering or removal of domestic or like refuse
	B65F

	Animal feeding stuffs from waste material*
	A23K10/37

	…from brewers of distillers' waste*
	A23K10/38

	Animal feeding stuffs from animal waste material, e.g. feathers, bones or skin*
	A23K10/26

	…waste from dairy products*
	A23K10/28

	Footwear made of rubber waste
	A43B1/12

	Heels or top pieces made of rubber waste
	A43B21/14

	Separating solid materials; General arrangement of separating plant specially adapted for refuse
	B03B9/06

	Manufacture of articles from scrap or waste metal particles
	B22F8

	Preparing material; Recycling the material
	B29B7/66

	Recovery of plastics or other constituents of waste material containing plastics
	B29B17

	Presses specially adapted for consolidating scrap metal or for compacting used cars
	B62D67

	Stripping waste material from cores or formers, e.g. to permit their re-use
	B65H73

	Applications of disintegrable, dissolvable or edible materials
	B65D65/46

	Compacting the glass batches, e.g. pelletizing
	C03B1/02

	Glass batch composition - containing silicates, e.g. cullet
	C03C6/02

	Glass batch composition - containing pellets or agglomerates
	C03C6/08

	Hydraulic cements from oil shales, residues or waste other than slag
	C04B7/24-30

	Calcium sulphate cements starting from phosphogypsum or from waste, e.g. purification products of smoke
	C04B11/26

	Use of agglomerated or waste materials or refuse as fillers for mortars, concrete or artificial stone; Waste materials or Refuse
	C04B18/04-10

	Clay-wares; Waste materials or Refuse
	C04B33/132

	Recovery or working-up of waste materials (plastics)
	C08J11

	Luminescent, e.g. electroluminescent, chemiluminescent, materials; Recovery of luminescent materials
	C09K11/01

	Working up used lubricants to recover useful products
	C10M175

	Working-up raw materials other than ores, e.g. scrap, to produce non-ferrous metals or compounds thereof
	C22B7

	Obtaining zinc or zinc oxide; From muffle furnace residues; From metallic residues or scraps
	C22B19/28-30

	Obtaining tin; From scrap, especially tin scrap
	C22B25/06

	Textiles; Disintegrating fibre-containing articles to obtain fibres for re-use
	D01G11

	Papermaking; Fibrous raw materials or their mechanical treatment - using wastepaper
	D21B1/08-10

	Papermaking; Fibrous raw materials or their mechanical treatment; Defibrating by other means - of wastepaper
	D21B1/32

	Papermaking; Other processes for obtaining cellulose; Working-up wastepaper
	D21C5/02

	Papermaking; Pulping; Non-fibrous material added to the pulp; Waste products
	D21H17/01

	Apparatus or processes for salvaging material from electric cables
	H01B 15/00

	Recovery of material from discharge tubes or lamps
	H01J 9/52

	Reclaiming serviceable parts of waste cells or batteries
	H01M 6/52

	Reclaiming serviceable parts of waste accumulators
	H01M 10/54

	Fertilisers made from animal corpses, or parts thereof
	C05F1

	Fertilisers from distillery wastes, molasses, vinasses, sugar plant, or similar wastes or residues
	C05F5

	Fertilisers from wastewater, sewage sludge, sea slime, ooze or similar masses
	C05F7

	Fertilizers from household or town refuse
	C05F9

	Preparation of fertilizers characterized by the composting step
	C05F17

	Solid fuels essentially based on materials of non-mineral origin; on sewage, house, or town refuse; on industrial residues or waste materials
	C10L5/46-48

	Cremation furnaces; Incineration of waste; Incinerator constructions; Details, accessories or control therefor
	F23G5

	Cremation furnaces; Incinerators or other apparatus specially adapted for consuming specific waste or low-grade fuels
	F23G7

	Disposal of solid waste
	B09B

	Production of liquid hydrocarbon mixtures from rubber or rubber waste
	C10G1/10

	Medical or veterinary science; Disinfection or sterilising methods specially adapted for refuse
	A61L11

	Soil Remediation
	

	Reclamation of contaminated soil
	B09C

	Environmental Monitoring
	

	Monitoring or diagnostic devices for exhaust-gas treatment apparatus
	F01N11

	Alarms responsive to a single specified undesired or abnormal condition and not otherwise provided for, e.g. pollution alarms; toxics
	G08B21/12-14

	Water - Related Adaption Technologies
	

	Demand-Side Technologies (water conservation)
	

	Self-closing valves, i.e. closing automatically after operation, in which the closing movement, either retarded or not, starts immediately after opening
	F16K21/06-12

	Self-closing valves, i.e. closing automatically after operation, closing after a predetermined quantity of fluid has been delivered
	F16K 21/16-20

	Arrangement or mounting of devices, e.g. valves, for venting or aerating or draining
	F16L 55/07

	Jet regulators with aerating means
	E03C 1/084

	Flushing devices discharging variable quantities of water
	E03D 3/12

	Cisterns discharging variable quantities of water
	E03D 1/14

	Urinals without flushing
	A47K 11/12

	Dry closets
	A47K 11/02

	Waterless or low-flush urinals
	E03D13/007

	Special constructions of flushing devices with recirculation of bowl-cleaning fluid
	E03D5/016

	Greywater supply systems
	E03B1/041

	Watering arrangements located above the soil which make use of perforated pipelines or pipelines with dispensing fittings, e.g. for drip irrigation
	A01G 25/02

	Watering arrangements making use of perforated pipelines located in the soil
	A01G 25/06

	Control of watering
	A01G 25/16

	Mutation or genetic engineering; DNA or RNA concerning genetic engineering, vectors, e.g. plasmids, or their isolation, preparation or purification; for drought, cold, salt resistance
	C12N15/8273

	Combustion heat from one cycle heating the fluid in another cycle
	F01K 23/08-10

	Non-positive-displacement machines or engines, e.g. steam turbines / Preventing or minimizing internal leakage of working fluid, e.g. between stages
	F01D 11

	Pipe-line systems / Protection or supervision of installations / Preventing, monitoring, or locating loss
	[F17D5/02 and E03]

	Devices for covering leaks in pipes or hoses, e.g. hose-menders
	[F16L55/16 and E03]

	Investigating fluid tightness of structures, by detecting the presence of fluid at the leakage point
	G01M 3/08 or

	
	G01M 3/14 or

	
	G01M 3/18 or

	
	G01M 3/22 or

	
	G01M 3/28] and E03

	Supply-Side Technologies (water availability)
	

	Use of pumping plants or installations
	E03B 5

	Methods or installations for obtaining or collecting drinking water or tap water from underground
	E03B 3/06-26

	Methods or installations for drawing-off water
	E03B 9

	Methods or installations for obtaining or collecting drinking water or tap water from surface water
	E03B 3/04; 28-38

	Methods or installations for obtaining or collecting drinking water or tap water from rainwater
	E03B 3/02

	Special vessels for collecting or storing rainwater for use in the household, e.g. water-butts
	E03B 3/03

	Methods or installations for obtaining or collecting drinking water or tap water; rainwater, surface water, or groundwater
	E03B 3/00 E03B 3/40

	Arrangements or adaptations of tanks for water supply
	E03B 11

	Renewable Energy Technologies
	

	Wind
	

	Wind motors with rotation axis substantially in wind direction
	F03D1

	Wind motors with rotation axis substantially at right angle of wind direction
	F03D3

	Other wind motors
	F03D5

	Controlling wind motors
	F03D7

	Adaptations of wind motors for special use
	F03D9

	Transmission of mechanical power*
	F03D15

	Monitoring or testing wind motors*
	F03D17

	Details, component parts, or accessories not provided for in, or of interest apart from, the other groups of this subclass
	F03D11

	Solar
	

	Solar heat collectors; solar heat systems*
	F24S

	Devices for producing mechanical power from solar energy
	F03G6

	Use of solar heat e.g. solar heat collectors
	F24J2

	Devices consisting of a plurality of semiconductor components sensitive to infra-red radiation, light-specially adapted for the conversion of the energy of such radiation into electrical energy
	H01L27/142

	Semiconductor devices sensitive to infra-red radiation, light adapted as conversion devices
	H01L31/04-078

	Generators in which light radiation is directly converted into electrical energy
	H02N6

	Aspects of roofing for energy collecting devices e.g. solar panels
	E04D13/18

	Geothermal
	

	Geothermal collectors; geothermal systems*
	F24T

	Production or use of heat, not derived from combustion - using natural or geothermal heat
	F24J3

	Devices for producing mechanical power from geothermal energy
	F03G4

	Mechanical-power-producing mechanisms - using pressure differences or thermal differences occurring in nature
	F03G7/04-06

	Ocean
	

	Use of heat from nature sources e.g. from the sea*
	F24V5

	Tide or wave power plants
	E02B9/08

	Submerged units incorporating electric generators or motors characterized by using wave or tide energy
	F03B13/10-26

	Mechanical-power-producing mechanism - ocean thermal energy conversion
	F03G7/05

	Biomass and Waste
	

	Solid fuels essentially based on materials of non-mineral origin-animal or vegetable substances: sewage, town, or house refuse; industrial residues or waste materials
	C10L5/40-48

	Engines or plants or plants operating on gaseous fuel generated from solid fuel e.g. wood
	F02B43/08

	Liquid carbonaceous fuels; Gaseous fuels: Solid fuels
	C10L1,3,5

	Destroying solid waste or transforming solid waste into something useful or harmless
	B09B1

	Incineration of waste: Incinerator construction
	B09B

	Incinerators or other apparatus specifically adapted for consuming specific waste or low-grade fuels e.g. chemical
	F23G5

	Plants for converting heat or fluid energy into mechanical energy: use of waste heat
	F23G7

	Profiting from waste heat of combustion engines
	F01K27

	Machines, plants, or systems using sources of energy 
	F02G5

	using waste heat e.g. from internal-combustion engines 
	F25B27/02

	Incineration of waste: Incinerator construction
	F23G5

	Incinerators or other apparatus specifically adapted for consuming specific waste or low-grade fuels e.g. chemical
	F23G7

	Plants or engines characterized by use of industrial or other waste gases
	F01K25/14

	Incineration of waste-recuperation of heat
	F23G5/46

	Transportation
	

	Hybrid vehicles e.g. HEV
	B60K6/00, 6/20

	…control systems
	B60W 20/00

	…gearings therefor
	F16H 3/00-3/78, 48/00-48/30

	Brushless motors
	H02K29/08

	Electromagnetic clutches
	H02K49/10

	Regenerative braking systems
	B60L7/10-7/22

	Electric propulsion with power supply from force of nature
	B60L8

	Electric propulsion with power supply external to vehicle
	B60L9

	with supply from fuel cells e.g. hydrogen 
	B60L50/50-58/40

	combustion engines operating on gaseous fuels e.g. hydrogen
	F02B43/00 F02M21/02-27/02

	power supply from force of nature e.g. sun, wind
	B60K16

	Charging stations for electric vehicles
	H02J7/00

	Drag reduction for non rail vehicles
	H62D35/00, 35/02, B63B1/34-1/40

	Human-powered vehicle
	B62K, B62M1/00, 5/00, 6/00

	Rail vehicles
	B61

	Drag reduction for rail vehicles  
	B61D17/02

	Marine vessel propulsion
	

	propulsion devices directly acted on by wind
	B63H9/00

	propulsion by wind powered motors
	B63H13/00

	Propulsion using energy derived from water movement
	B63H12/02, 19/04

	Propulsion by muscle power
	B63H16/00

	Propulsion derived from nuclear power
	B63H21/18

	Energy Conservation
	

	Storage of electrical energy
	B60K6/28, B60W10/26, H01M10/44-46, H01G11/00, H02J3/28, 7/00, 15/00

	Power supply circuitry
	H02J

	…with power saving modes
	H02J9/00

	Measurement of electricity consumption
	B60L3/00, G01R

	Storage of thermal energy
	C09K5/00, F24H7/00, F28D20/00-02

	Electroluminescent light sources e.g. LEDs, OLEDs, PLEDs
	F21K99/00, F21L4/02, H01L 33/00-64, 51/50, H05B33/00

	Thermal building insulations 
	E04B1/62, 1/74-80, 1/88, 1/90

	…insulating building elements
	E04C1/40-41, 2/284-296

	Recovering mechanical energy 
	F03G7/08 

	Chargeable mechanical accumulators
	B60K6/10, 6/30, B60L50/30

	Agriculture and Forestry techniques
	

	Forestry techniques
	A01G23/00

	Alternative irrigation techniques
	A01G25/00

	Pesticide Alternatives 
	A01N25/00-65/00

	Soil improvement
	C09K17/00, E02D3/00

	…organic fertilisers derived from waste
	C05F

	Administrative, Regulatory, or Designs Aspects
	

	Commuting e.g. teleworking
	G06Q, G08G

	Static structure design 
	E04H1/00

	Nuclear power generation
	

	Nuclear fusion reactors
	G21B

	Nuclear (fission) reactors
	G21C

	Nuclear power plant
	G21D

	Gas turbine power plants using heat sources of nuclear origin
	F02C1/05

	
	

	Sources: This patent classification was an amalgamation of three environmental patent search strategies and patents which I have added. Johnstone et al. (2010), OECD ENV-TECH patent search strategy for green growth indicators (OECD 2015), and IPC Green inventory from WIPO (WIPO 2020)
	

	* Represents patents that have been added to this search. These were mostly added in the energy capture systems for a hydro, geothermal, and solar renewable energy sources.
	



[bookmark: _Toc41296907]Appendix B: Green Technologies 
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[bookmark: _Toc41296908]Figure 8: Renewable energy patents by application year. Energy conservation is given on the right y-axis, while the rest of the technologies are shown on the left y-axis. This is the 3-year moving average.
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[bookmark: _Toc41296909]Figure 9: Pollution management patents by application year. Environmental monitoring and soil remediation patents are shown on the right y-axis, while the all other patents are shown on the left y-axis. This is the 3-year moving average.

[image: ]Figure 10: Water conservation and availability patents. Shown with a 3-year moving average.
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[bookmark: _Toc41296910]Figure 11: Transportation, green agriculture, and administration patents. Shown in a 3-year moving average. 
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