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Abstract

:

Since Japan promulgated the world’s first national hydrogen strategy in 2017, 28 national (or regional, in the case of the EU) hydrogen strategies have been issued by major world economies. As carbon emissions vary with different types of hydrogen, and only green hydrogen produced from renewable energy can be zero-emissions fuel, this paper interrogates the commitment of the national hydrogen strategies to achieve decarbonization objectives, focusing on the question “how green are the national hydrogen strategies?” We create a typology of regulatory stringency for green hydrogen in national hydrogen strategies, analyzing the text of these strategies and their supporting policies, and evaluating their regulatory stringency toward decarbonization. Our typology includes four parameters, fossilfuel penalties, hydrogen certifications, innovation enablement, and the temporal dimension of coal phasing out. Following the typology, we categorize the national hydrogen strategies into three groups: zero regulatory stringency, scale first and clean later, and green hydrogen now. We find that most national strategies are of the type “scale first and clean later”, with one or more regulatory measures in place. This article identifies further challenges to enhancing regulatory stringency for green hydrogen at both national and international levels.
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1. Introduction


Hydrogen has emerged as a promising yet controversial energy source. It can help tackle various critical challenges in climate transition. Hydrogen extends the scope of climate transition to sectors that electrification of energy cannot reach because hydrogen can be used to decarbonize hard-to-abate sectors, such as long-distance transport, and heavy industry, such as steelmaking. It can also be used to support the integration of renewables and provide long-duration energy storage to increase power system flexibility It can replace fossil fuels as a zero-carbon feedstock in chemical and fuel production [1]. It has been considered an enabler of the grand transition that fills a “missing link” in the decarbonization roadmap [2].



So far, most hydrogen production still stems from CO2-intensive processes based on fossil fuels [3]. The role of hydrogen in a low-carbon future has been examined by quantitative studies [4,5,6,7,8]. However, the prospect that hydrogen would contribute to emission reduction should not be taken for granted. Scientific knowledge has shown that hydrogen does not automatically qualify as a game-changer to address the climate challenge. Hydrogen is considered the most promising energy source in the coming years, yet carbon emissions of different types of hydrogen vary dramatically depending on their production methods and different scopes for emission calculation [9,10]. Color-band terminologies are used to differentiate types of hydrogen on the basis of production methods enabled by current technology: gray hydrogen from coal gasification, blue hydrogen from steam methane reforming (SMR), and green hydrogen from electrolysis water using renewable energy [7] (Figure 1). In addition, hydrogen produced from nuclear power is referred to as purple hydrogen. Prominently, different production methods have different climate implications as they are associated with different levels of carbon footprint.



Many of the national hydrogen strategies state the importance of the emerging hydrogen industry in contributing to their national decarbonization objectives. Given the different climate implications of the hydrogen production pathways, it is essential to understand how the national hydrogen strategies are implementing or are expected to implement the stated decarbonization objectives. This is the central question of this paper.



So far, the color-band hydrogen terminologies based on production methods are often discussed as fact and evidence, rather than as a commitment implemented through stringent regulation. While scientists believe that only renewable energy-based green hydrogen can be truly clean, blue hydrogen is still considered essential to an incremental transitional pathway, as it is associated with larger volumes and lower cost, as well as competitiveness, particularly for countries with an export market, such as Norway [12] (p. 3). Even emissions intensity varies dramatically with different capacities of carbon capture and storage (CCS, in other contexts also referred to as carbon capture usage and storage, CCUS) which leads to continuous debate about “how green is blue hydrogen?” [13]. As shown in our analysis, many countries envisage blue hydrogen as an important steppingstone in their overall hydrogen deployment, now and here, in the hope that renewable energy-based green hydrogen would eventually be phased in, in the future. However, the techno-economic analysis of fossil-fuel hydrogen produced with CCS has revealed a dilemma: if carbon-capture rates are low, there is a risk of lock-in by scaled high-emissions fossil-fuel hydrogen; if capture rates are high, there is a risk of stranded assets as hydrogen production with CCS may never become competitive [10].



As early as 2014, it was pointed out that growing evidence supports the view that, by 2050, the world will be able to rely just on energy efficiency and renewable sources to meet all its energy demands. “The big question is whether we have the collective political-economic will and courage to wean ourselves off fossil fuels and nuclear power, in the overarching interest of preserving our climate and achieving a sustainable way of living on this earth” [14] (p. 483). This question remains the major challenge. To examine the extent to which national hydrogen strategies have directly confronted this challenge, it is important to understand not only the targets and scale of the strategic deployment of hydrogen [15] but also how decarbonization as a normative aspiration is implemented through regulatory measures in the context of competing interests and power asymmetries.



In this article, we propose a typology of regulatory stringency for green hydrogen in national hydrogen strategies, which contributes to the literature by providing a framework to measure commitment and regulation of countries’ national hydrogen strategies for decarbonization through and within the hydrogen industry. Despite the stated limitations of the current typology, it sets up a comprehensive framework with identified key regulatory measures that could contribute to a more stringent green hydrogen regulation, including those differentiating renewable hydrogen, enabling renewable hydrogen-related innovation, and discouraging fossil-fuel hydrogen. We also put green hydrogen regulatory stringency in the context of energy trilemma and discuss further challenges to enhancing green hydrogen regulatory stringency.




2. Materials and Methods


2.1. National Hydrogen Strategies and Decarbonization Objectives


As of October 2021, 28 jurisdictions in the world had promulgated national-level hydrogen strategies or visions [16,17], including Australia [18], Canada [19], Chile [20], Colombia [21], the Czech Republic [22], the European Union (EU, at the regional level) [23], Finland [24], France [25], Germany [26], Hungary [27], India [28,29], Italy [30], Japan [31], Morocco [32], the Netherlands [33], New Zealand [34], Norway [35], Paraguay [36], Poland [37], Portugal [38,39], the Republic of Korea [40], Russia [41,42], Slovakia [43], Spain [44], Ukraine [45], the United Arab Emirates (UAE) [46,47], the United Kingdom (UK) [48], and the United States (US) [49]. Many countries issued their national hydrogen strategies to fulfill multiple strategic objectives, including but not limited to decarbonization. The literature so far has discussed country-specific hydrogen strategies, for instance, analyzing Polish hydrogen strategy in the context of the EU’s regional strategies [50]. Country-specific techno-economic analyses of the development of the hydrogen industry also refer to national hydrogen strategies as important agenda-setting documents in their analysis [15,51,52]. The geopolitics of hydrogen have been analyzed [53] and some analysis maintains that the geopolitics of hydrogen is analogous to new oil in the future [54]. However, making such an analogy may lead countries to compete only on price without considering the climate consequences of fossil-fuel-based hydrogen. Horizon scanning reports on national hydrogen strategies [11,16], given their breadth of coverage, only briefly mention the decarbonization objective, without in-depth analysis of how these objectives would be implemented. There has been analysis of the green transition in national hydrogen strategies in European member states [55], but the focus is very broad on general social economic impacts, including not only carbon emissions but also new job creation and value added in the domestic economy. There have also been discussions on the development of hydrogen at the regional level, in Africa [56] and Asia [57]. There is a significant gap in the existing literature on national hydrogen strategies about the implementation of the decarbonization objectives and their relative regulatory stringency.



Most hydrogen strategies have claimed that mitigation of climate change through the development of the hydrogen industry is among the desirable objectives they want to achieve. However, underneath the apparent universalism of “sustainability” or “carbon neutrality” goals is “an uneasy tension among economic, environmental, and social challenges that is far from synergistic” [58] (p. 1177). There is a real risk of symbolically claiming the objective of decarbonization while not attempting to eliminate fossil-fuel hydrogen. The science of the climate crisis has urged public and private regulations to grant a distinctive status to the problem [58]. The regulations, in this case, include regulatory measures designed or envisaged by the national hydrogen strategies to achieve the goal of decarbonization.




2.2. Green Hydrogen Regulation in National Hydrogen Strategies


On the basis of the text of national hydrogen strategies and relevant literature, we identify three major regulations (fossil-fuel penalties, certifications, and exclusive renewable hydrogen enablement) that are relevant to achieving the decarbonization objectives via hydrogen.



	
Penalties for fossil fuel






According to an International Renewable Energy Agency (IRENA) report in 2018, over 95% of hydrogen was being produced from fossil fuels, primarily from SMR of natural gas (48%), but also from oil (30%) and coal gasification (18%) [59] (pp. 13–14). The proportion of low-carbon hydrogen rose to 10% in 2020, including hydrogen produced from coal and natural gas with CCUS. The proportion of low-carbon hydrogen is expected to be 70% in 2030 globally, with half produced from electrolysis and the remainder from fossil fuels with CCUS. However, this ratio varies substantially between regions [60] (pp. 75–76).



The literature indicates that high emission intensities are associated with clean [10] or blue hydrogen [13]. If countries are serious about decarbonization through hydrogen, they need to deviate from their existing pathways of depending on fossil fuels for hydrogen production of any kind, including investing in CCS technologies. This is the only way they can prevent similar failed government initiatives such as clean coal [61]. However, while universally acclaiming the contribution of hydrogen in decarbonization, countries are not clear about their position on fossil-fuel hydrogen. This can even be illustrated by the most recent United Nations Framework Convention on Climate Change (UNFCCC) COP 26 held in November 2021 at Glasgow. The Glasgow Breakthroughs set a series of sector-specific common targets [62], which cover five key economic sectors including power, road transport, steel, hydrogen, and agriculture. These sectors account for more than 50% of global greenhouse gas (GHG) emissions. Specific to hydrogen, the target is that affordable renewable and low-carbon hydrogen will be available globally by 2030. Countries that are committed to the Glasgow Breakthroughs include Australia, Belgium, Canada, Chile, China, Denmark, Egypt, the EU, Finland, France, Germany, Guinea Bissau, India, Ireland, Israel, Italy, Japan, Kenya, Lithuania, Norway, Mauritania, Morocco, Namibia, the Netherlands, New Zealand, Panama, the Republic of Korea, Slovakia, Spain, Sweden, the UK, and the US, among which 18 have issued their own hydrogen strategies. However, the Glasgow Breakthroughs are ambiguous about the relative proportions of renewable hydrogen and low-carbon hydrogen and the emissions intensity thresholds for low-carbon hydrogen. They do not mention the proportion of fossil-fuel hydrogen without CCS either.



Given that hydrogen that is produced from renewables can provide the best opportunity for a zero-emissions fuel and genuinely contribute to the decarbonization objective [63], we examine penalties for fossil fuels as a context for the flourishing of renewable hydrogen. This context is important because the expectation of penalties for fossil fuels will project expectations of diminishing profitability and ultimately change the course of the fossil-fuel industry. It will encourage genuine participation in the energy transformation, rather than subverting the clean hydrogen future with a fossil-fuel-based one [64]. While the ultimate penalty is a concrete agenda to phase out-fossil fuel hydrogen (including so-called blue hydrogen, the production of which is associated with CCS), no country has pledged to do so. We, therefore, identify two proxy indicators that can be representative of a national hydrogen strategy’s intention to quit fossil-fuel hydrogen: coal phasing-out timelines and carbon pricing.



Coal phasing-out timelines are the timeframe in which countries plan to halt the construction of new plants and manage the decline in emissions from existing assets [65] (p. 57). From a regulatory perspective, coal phasing out is a command-and-control measure of qualification cancellation. It will guarantee the elimination of the most emission-intensive hydrogen production, through coal gasification, no matter whether CCS is involved. Carbon pricing refers to initiatives that put an explicit price on GHG emissions as a value per ton of carbon dioxide equivalent (tCO2e). Carbon pricing [66] is usually in the form of cap and trade, such as the EU’s emission trading system (ETS), or a carbon tax.



	
Hydrogen certification






Hydrogen certification schemes are sometimes referred to as guarantees of origin (GOs). Certifications are used to differentiate renewable, low-carbon, and other types of hydrogen because, once the hydrogen is produced, one cannot distinguish the carbon emissions embedded in the hydrogen production process from the end products. Therefore, like organic foods and forestry products, certifications are essential to enhance traceability [67], in this case, embedded carbon emissions. In addition, certification will enable consumers to be sure of the nature of hydrogen they are purchasing (either as personal preference or legal obligation) and may facilitate a secondary market in certifications themselves [68]. The EU was the first to develop its hydrogen certification—CertifHy. Many other countries have followed this market-based voluntary mechanism to enhance transparency and traceability of embedded emissions in hydrogen production [9,69]. There are many unresolved issues concerning the design of a certification regime, as identified in the Australian Hydrogen Guarantee of Origin Discussion Paper [70], including the coverage of emission scopes, carbon accounting frameworks, and treatment of offsets. This study focuses on the primary function of certification as labeling to signal the broad differentiation between different types of hydrogen, based on emissions intensity. If there is no certification scheme in place or envisaged, it means that a national hydrogen strategy has no intention to differentiate hydrogen based on embedded carbon emissions. If there is such a scheme, we go into the details of the certification scheme—what is certified against (renewable hydrogen, low-carbon hydrogen, clean hydrogen, or blue hydrogen etc.), reference emissions thresholds, carbon accounting system boundaries, etc. As all hydrogen certifications available so far are voluntary, we do not further differentiate the enforceability of the certification schemes.



	
Innovation enablement: technology neutrality and beyond






Hydrogen technology breakthroughs are essential for scaling up the hydrogen industry. Many jurisdictions have announced enablement measures to support technological innovation. Given the different production methods for hydrogen, different technologies are also associated with different prospects of carbon emissions (Figure 2). Some technologies are specifically associated with fossil-fuel hydrogen production, including CCS, new technologies to separate oxygen from the air, and, in the case of natural gas, the water, and CO2 from combustion products [71]. Given that RD&D is costly, and infrastructure built based on such technologies will support the continued use of fossil fuel, it is a crucial decision to make now whether to invest time, personnel, and capital to enable innovation of such technologies at all. However, in many cases, countries allowing “low-carbon” or “clean” hydrogen tend to support fossil-fuel hydrogen-associated technologies in the short term, often based on the argument of technology neutrality [8,72].



The principle of technology neutrality appears in many of the national hydrogen strategies as the guiding principle to enable technological innovation, in hydrogen technologies, as well as related infrastructure. This principle is not new; it has been used to guide a free and competitive scenario among all technically feasible solutions [73]. Technology neutrality is defined from a perspective of legal functionalism: “laws should refer to the effects, functions or general characteristics of technology, but never to a particular type or class of technology” [74] (p. 1685). For new technologies that are not currently developed or even imagined, a technology-neutral approach would automatically extend the application of existing law and regulation to future technologies to maintain the longevity of the law “a technology-neutral approach to legal drafting involves a description of the result to be achieved without specifying the technology to be employed or regulated” [75] (p. 18). Therefore, when applying this principle in practice, a noninterventionist approach is advised to address market competition, where policy may not favor any particular means of achieving the desired goal. Instead, the regulation should equally support all methods capable of achieving this outcome [76]. While the functionalist and future-oriented approach does resonate with prospective hydrogen technology breakthroughs to produce hydrogen from various processes, the ways that national hydrogen strategies and lobbyists from the fossil-fuel industries interpret this principle [72] have always narrowly defined the objective, i.e., that a commodity could deliver its use-value, not a fuel that could achieve a certain level of emissions intensity. Therefore, the principle is reduced to mean that renewable hydrogen and fossil-fuel hydrogen should be equally treated, no matter how different their emissions intensities are, now that there is no international convergence around a single preferred technological approach [10]. This principle has been challenged; for instance, in California, a Low-Carbon Fuel Standard (LCFS) has fundamentally altered this conventional interpretation to reflect the climate implications of products [77]. However, as in the hydrogen field, the traditional interpretation has been prevalent, despite the IRENA report having warned that “fossil CCS investments may divert limited capital away from renewable energy deployment back to fossil fuels” [2] (p. 16).



We do not intend to judge which interpretation is better or how the current interpretation of technology neutrality in national hydrogen strategies can be improved; instead, our analysis focuses on whether the principle of technology is mentioned and implemented according to a national hydrogen strategy’s own interpretation. According to the literature [9] (p. 10), it suffices to assume that, when advocating its support for technology neutrality, a national hydrogen strategy would equally enable innovations of renewable hydrogen and other types of fossil-fuel-based hydrogen defined by the strategy. Therefore, it would not be considered as “green hydrogen specific innovation enablement”. We note that some national strategies do not mention the technology neutrality principle. In these cases, we refer to the text to determine whether the principle is implied or whether innovation support is dedicated to green hydrogen.



The three regulatory measures are established as general practices for countries. In addition to the three measures, there are fewer common regulations, such as blending obligation in the EU, i.e., demanding an obligation for blending green/low-carbon hydrogen defined in respective hydrogen strategies into the natural gas grid. In countries like Japan and India, renewable energy purchasing obligations are also introduced [78,79]. In the US, the “Green Book” for tax credit has defined low-carbon hydrogen eligible for the credit as hydrogen produced from nuclear energy or renewable energy or using natural gas where the carbon byproduct is captured and sequestered. However, as these measures do not commonly exist in most other countries’ hydrogen strategies, we do not further analyze them in our study.




2.3. Typology for Green Hydrogen Regulatory Stringency


The concept of regulatory stringency reflects the degree to which regulation is implemented to achieve the objectives [80]. The concept has developed in the governance and regulation discipline to assess the comprehensiveness, prescriptiveness, and enforcement levels of regulation which may further have an impact on trust, legitimacy, compliance costs, and adoption [81]. Despite it being difficult to measure (environmental) regulatory stringency because of multidimensionality, simultaneity, and other challenges [82], Judge-Lord et al. [81] suggested that two thematic proxies for measuring regulatory stringency have been continuously mentioned by scholars, which are “scope” and “prescriptiveness”. “Scope” decides a regulation or policy’s full range of issues that it may cover, focusing on the policy settings or specific requirements of the issues. “Prescriptiveness” occurs on a continuum, versus “flexibility”, and it measures the extent of the mandatory requirements or substantive thresholds that the regulation or the policy imposes. Notably, a third dimension—how the requirements are enforced—while being recognized as an important dimension of regulatory stringency [83] (p. 281), is often treated as a separate issue by the literature [81] (p. 102). This paper does not investigate the implementation in detail for another two practical reasons. First, most of the national hydrogen strategies aim to set the agenda and frameworks for hydrogen regulation; hence, there is a lack of detailed information about how the agenda is implemented within the strategies. Secondly, considering that most national hydrogen strategies were issued in 2020 and 2021, it is difficult to assess implementation within such a short timeframe.



In this study, we focus on regulatory stringency for green hydrogen in national hydrogen strategies, rather than the hydrogen economy in general. This means that how green the national hydrogen strategies are (our central research question) is different from how green a country’s hydrogen production is in reality. Nonetheless, these are related questions, because national hydrogen strategy as a type of national industrial strategy [84] is essential to set rules that affect domestic marketplaces to guide the hydrogen industry to develop in an envisaged direction.



Our framework of regulatory stringency for green hydrogen takes into consideration the scope and prescriptiveness by examining the extent to which national hydrogen strategies are designing or implementing regulations toward producing hydrogen with zero embedded carbon emissions (renewable hydrogen). We only consider regulations to be stringent when they promote zero-carbon renewable hydrogen. This is because it is clear from climate science that emissions from fossil-fuel-based hydrogen production could be “substantial” even with CCS technology [10].



We set up a framework of typology to measure green hydrogen regulatory stringency in national hydrogen strategies (Figure 3). It has four parameters, including one temporal parameter of green hydrogen uptake and three regulatory parameters. The temporal parameter assesses countries’ hydrogen strategies according to their readiness for green hydrogen in a temporal manner, focusing on “when a hydrogen strategy is/will be committed to green hydrogen”. It is the parameter deciding the first-level categorization, differentiating national hydrogen strategies into three groups, namely, “zero regulatory stringency (not committed)”, “scale first and clean later” (in the future), and “green hydrogen now (now)”. Zero regulatory stringency represents countries with national hydrogen strategies that do not have any intention to create special regulations to support green hydrogen. Scale first and clean later includes countries with national hydrogen strategies that have one or more green hydrogen regulatory measures in place. They take an industry-expansion approach in which fossil-fuel-based hydrogen is deployed at least in the short term. These countries are aware of climate objectives via hydrogen but take an incremental transitional pathway. The zero regulatory stringency group is differentiated from the groups of scale first and clean later and green hydrogen now in that no regulation exists in the first group to differentiate renewable (green) hydrogen from fossil-fuel-based hydrogen. Most of the countries have set decarbonization targets in the proximal future but are trying to expand the use of fossil-fuel hydrogen to maximize their hydrogen economy potential. When all regulations in a scale first and clean later approach are in place, it is further examined by the temporal measure when they will be implemented: if in the future, a country stays in the scale first and clean later group; if implemented now, it is in the green hydrogen now group. In other words, the green hydrogen now group includes countries implementing all three regulatory measures now.



A resilient green hydrogen future needs to have zero carbon emissions. We identified three major regulations that are widely adopted in national hydrogen strategies: discouraging fossil-fuel hydrogen (fossil-fuel penalties), differentiating hydrogen produced with varied embedded carbon emissions (certification), and exclusive support for renewable hydrogen technologies (green hydrogen enablement). As mentioned, except for the zero regulatory stringency group, there are some regulatory measures in place to support green hydrogen. We analyze these regulations and use them as parameters to assess “whether a hydrogen strategy established selected regulatory measures and how”.



The second-level categorization is created to divide national hydrogen strategies by the above three regulatory parameters, (focusing more on scope than prescriptiveness. Fossil-fuel penalties discourage the most emissions-intensive fossil-fuel hydrogen produced from coal gasification. However, we acknowledge that this is a second-best option because countries do not directly mention in their hydrogen strategies specific timelines for phasing out fossil-fuel-based hydrogen. Certification schemes include the guarantee of origins and renewable energy/gas certification in general that can differentiate between hydrogen types on the basis of their emission intensities and inform other market players with labeling [9,69]. The last parameter is exclusive innovation enablement for renewable hydrogen. For this parameter, we consider two factors; the first is the stance of equally supporting all hydrogen technologies (often based on the principle of technology neutrality) [8]. If there is no such technology-neutral declaration, we further examine whether support for innovation is directed to renewable hydrogen technologies. The establishment (in some cases, development) of these three regulatory measures enables us to interrogate the extent to which the national hydrogen strategies are committed to decarbonization instead of merely giving credit to ambiguous claims on clean or low-carbon hydrogen.



We use binary criteria to code regulatory parameters at the second-level categorization (Table 1). It is counted as “yes” when a regulatory measure already exists or when there is substantial evidence that regulation in preparation will be implemented very soon. Otherwise, it is counted as “no”. As discussed above, the parameters of fossil-fuel penalties and innovation enablement involve two criteria; fossil-fuel penalties are assessed by both coal phasing out timelines and carbon pricing. Only when both regulatory measures are in place can the overall fossil-fuel penalties criteria be satisfied. Exclusive green hydrogen innovation enablement requires assessment where (1) the principle of technology neutrality is not supported or mentioned, and (2) there is evidence in the national hydrogen strategy or other supporting documents that innovation enablement is directed solely to renewable hydrogen. Again, both requirements need to be satisfied to be counted as “yes”. The overall coding is presented at the end of Section 3.



The third-level categorization is both a refinement of the second-level categorization and the combination of the temporal parameter and the regulatory parameters. In terms of refinement, the central consideration for the third-level categorization is “how many regulatory measures are adopted in a national hydrogen strategy”. This is based on the results of the binary coding of the second-level categorization. As indicated in Figure 3, the results are further disaggregated into three levels: low regulatory stringency group including national hydrogen strategies with one regulatory parameter, medium regulatory stringency group including strategies with two regulatory parameters in place, and high regulatory stringency group with all three regulatory parameters in place. These refined results can be further combined with the temporal consideration. In this case, zero regulatory stringency means a national hydrogen strategy has not established any of the regulations and is not committed now. More importantly, the combination of temporal and regulatory measures distinguishes the high regulatory stringency and green hydrogen now. The high regulatory stringency level includes national hydrogen strategies having all three regulatory parameters in place, but the coal phasing-out timeline is set in the future. Green hydrogen now covers national hydrogen strategies that have all three regulatory parameters in place and the temporal parameter met (coal has already been phased out).





3. Results


As indicated in the research design, the second-level categorization is the key to examining regulatory stringency. We present our findings on whether the national hydrogen strategies have adopted these regulatory measures and how in this section. A binary coding of the results is summarized at the end of this section. The outcome of the third-level categorization is further discussed in Section 4.



3.1. Fossil-Fuel Penalties


Phasing out coal from the electricity sector is the single most important step to get in line with 1.5 °C of the temperature goal [85]. To reach net zero by 2050, countries need to rapidly phase out coal (by 2030 in EU/OECD, 2037 in non-OECD Asia, and 2040 in the rest of the world) [85]. As hydrogen produced from coal gasification has the highest carbon emissions intensity (Figure 1), we use coal phasing-out timelines as a proxy indicator to reflect the regulatory stringency for hydrogen to reach decarbonization goals. This indicator is also selected because, despite most hydrogen currently being produced from natural gas, no country in the world has committed to phasing out fossil-fuel energy sources beyond coal (while acknowledging that COP 26 outcomes include a pledge to cut methane). Taking into account carbon removal factors, through carbon capture and storage (CCS), for instance, many countries have announced carbon neutral or net-zero emissions targets as their nationally determined contributions to implement the Paris Agreement [60]. While the net-zero targets announced by over 60 countries may indicate a turning point for global climate governance, the coal phasing-out timeline we adopt in this study is a more rigorous criterion.



Countries such as Canada, Denmark, France, Hungary, Italy, the Netherlands, Portugal, Slovakia, and the UK have coal phase-out targets by 2030 or earlier. Germany follows with a coal phase-out timeline of 2038, and Poland recently pledged to quit coal by 2049. Among the EU members states that have issued their national hydrogen strategies, the Czech Republic is not yet come up with a timeline, but coal phasing out is under consideration with 2038 as the latest exit year. Poland has recently announced that it will try to keep its state-owned coal mining company, PGG, operating until 2049 using state aid despite the apparent divergence from the EU’s goals and directions. A number of countries do not yet have plans to quit coal, including Australia, Colombia, India, Japan, Morocco, Paraguay, and the US, despite most of them having made net-zero pledges. Table 2 shows whether a coal phasing-out timeline and carbon pricing are in place in countries that established national hydrogens strategies and how they are implemented.



Recent climate deals at the COP 26 in Glasgow have revealed countries’ political will to pursue a path toward phasing out coal and cut methane. Twenty-three countries have committed themselves to stop constructing or issuing permits for new coal plants. More than 40 countries, including Canada, Chile, Germany, Hungary, Italy, the Netherlands, New Zealand, Poland, Portugal, Slovakia, South Korea, Spain, and the United Kingdom, have pledged to quit coal. India has not participated due to the country’s agenda for poverty eradication, but new coal power plants should be built on the condition that they are able to capture and store their carbon emissions. Canada, South Korea, the UK, and the US have agreed to stop overseas coal financing.



In relation to hydrogen, coal phasing out is an important step, but may not be sufficient for a rapid transition. For instance, the tolerance of “low carbon” until 2030, declared by the EU, has raised significant concerns [96]. Camile Maury at the WWF Europe criticized that, by “low-carbon”, the EU is endorsing hydrogen produced by gas with carbon capture and storage, which would give “a free pass to new gas which would completely undermine the EU’s climate neutrality target” (webpage, no page number). Furthermore, effects on overall water pollution and biodiversity due to the production of hydrogen have not been considered [97].



Another criterion for penalties for fossil fuel is carbon pricing. Carbon pricing and measures to reduce carbon emissions, including instituting environmental regulations, ETS, and carbon taxes, have been widely adopted by countries worldwide. ETS caps the total level of greenhouse gas emissions and allows industries with low emissions to sell their extra allowances to larger emitters by creating a market price for greenhouse gas emissions. A carbon tax sets a predefined price on carbon, thereby regulating emissions reduction outcomes. All member states of the European Union are part of the EU Emissions Trading System (EU ETS), a market created to trade a capped number of greenhouse gas emission allowances. Italy joined the EU ETS in 2017. Following Brexit, the UK implemented its own UK ETS as of January 2021.



Since the EU ETS in 2005, there have been various developments worldwide. This trend has reached other parts of the world. New Zealand has adopted an ETS. In Korea, there have been discussions on introducing a carbon tax, but there has not been a resolution. Korea adopted its first nationwide ETS scheme in 2019. In the US, 10 states in the northeast implemented the Regional Greenhouse Gas Initiative (RGGI) in 2009, but there is no national wide carbon pricing mechanism.




3.2. Certification Schemes


Certifications are third-party voluntary regulations that many national hydrogen strategies mention to differentiate between types of hydrogen, trace embedded carbon emissions, and channel renewable hydrogen with existing renewable energy credit schemes. The defining characteristics of “green”, “clean”, or “low-carbon” hydrogen are often set through certification schemes. However, having a certification scheme does not automatically guarantee environmental objectives, which further depend on the stringency of the certification, including emission thresholds and carbon accounting system boundaries. While the threshold for renewable hydrogen needs to be zero emissions, the volumes of emissions that would qualify hydrogen as low-carbon or clean hydrogen are at the discretion of certifying organizations. They may consider multiple factors beyond environmental ones to set the threshold, including the competitiveness of their hydrogen industry internationally, market demand, and transitional timelines. For instance, in New Zealand, the arguments for and against a low-carbon hydrogen certificate were presented, and it is recognized that a threshold for low-carbon certificates should be as stringent as possible, without limiting the potential for emissions displacement [98] (p. 4). Carbon accounting system boundaries (Figure 4) also impact carbon emissions of certifications [70]. As demonstrated, only the German TÜV SÜD adopts the cradle-to-grave carbon emissions scope; most hydrogen certificates have adopted less stringent cradle-to-gate boundaries. We also acknowledge the importance of private regulation through certifications; therefore, this study covers private industry-led hydrogen certifications as an implementation of a national hydrogen strategy. While noting that the Aichi Prefecture in Japan and California in the US have established subnational hydrogen certification schemes, these certifications are outside of the scope of this paper.



When combining the factors of different terminologies adopted to classify hydrogen, associated with their carbon emission thresholds (in most cases, for low-carbon or clean hydrogen) and carbon accounting system boundaries, the certification systems are difficult to be compared with each other (Table 3).



Nonetheless, partial coordination among some hydrogen certifications is achieved in two ways. In the EU, the development of a GO system is required by the Renewable Energy Directive (RED II). Therefore, many EU member states seek to align their GOs with the EU-wide CertifHy. For instance, the German TÜV SÜD green hydrogen can be registered under the EU-wide CertifHy scheme to facilitate compatibility for producers and users. However, it is not clear how German cradle-to-grave carbon accounting is channeled with CertifHy’s cradle-to-gate in this registration. The Dutch hydrogen strategy also states that their development of the GO system will aim to implement European rules and measurement methodology as much as possible. Secondly, as hydrogen is and will be internationally traded, export counties such as Australia have actively sought to align their hydrogen certification with that of Germany [111]. This is exactly the recommendation provided by a German consulting firm and World Bank for Chile; acknowledging that the definition of green and sustainable products is often set by the importing market on the basis of their priority sustainability criteria, the Chilean hydrogen certification scheme should begin by understanding the applicable definitions in the target markets, in particular the EU, and adopting CertifHy directly [112]. Moreover, CertifHy also has extended its pilot to non-European countries like Morocco. Poland, whilst an EU member state, does not mention how CertifHy could be channeled in its national hydrogen strategy, and conventional hydrogen produced mainly from natural gas is its immediate focus [37,50]. The Republic of Korea has extended its existing tradeable certificate scheme, Renewable Energy Certificates, to cover renewable hydrogen. Portugal and New Zealand’s certifications cover renewable gases including hydrogen. New Zealand’s certification also covers biomethane.



Some export-oriented countries do not include a hydrogen certification scheme in their national hydrogen strategies, yet the entire hydrogen strategy still refers to green hydrogen, such as the strategy of Paraguay. It has been reported that the British company Atome Energy PLC is fully engaged with hydrogen production in Paraguay through the electrolysis of water, and Paraguay aims to be the largest hydrogen producer in the world [113]. The upscaling of renewable hydrogen through FDI and guaranteed export destination may render certification unnecessary. Nonetheless, certification could still enhance transparency, in particular for carbon accounting purposes, to guarantee that the electricity used for producing hydrogen is from renewable sources. For the UAE, the Dubai Electricity and Water Authority (DEWA) has inaugurated green hydrogen in Hatta. Despite the project being celebrated as “the first of its kind” in the Middle East and North Africa to produce green hydrogen, it has not yet mentioned adopting any certification scheme.




3.3. Innovation Enablement


The innovation enablement parameter looks at two factors: (1) whether the term technology neutrality is expressed in a national hydrogen strategy, and (2) if not, whether innovation and associated infrastructure support are exclusively allocated to renewable hydrogen (Table 4). This contextual approach to technology neutrality (the second factor) is taken because even if the exact term “technology neutrality” may not appear in a national hydrogen strategy, the strategy may still support the deployment of fossil-fuel technologies.



The EU and most EU member states adopt “technology neutrality” or “tech-neutral” approaches, except for Italy, Portugal, and Spain. Chile, Paraguay, and New Zealand do not support this principle either. While Italy does emphasize in its hydrogen strategy that green hydrogen will be promoted, it still lacks a regulatory framework that distinguishes and incentivizes small-scale hydrogen production from renewables. Portugal and Spain are currently developing sites for industrial production of renewable hydrogen and aim to become important hydrogen hubs in Europe. Chile aims to produce the cheapest green hydrogen in the world by 2030. Paraguay foresees great potential for green hydrogen based on its hydropower capacity. We note that EU member states that received the EU’s COVID-19 recovery funds, including Italy, Spain, and Portugal, may spend the funds on CCS and “blue” fossil-fuel hydrogen. For instance, Italy’s National Recovery and Resilience Plan is not explicit whether fossil-fuel hydrogen production with CCS will also be funded. In this study, we do not consider the EU and its members’ COVID-19 recovery funds as part of the implementation of an EU member state’s national hydrogen strategy. Our primary focus is on the strategies’ position on innovation enablement instead of additional related initiatives after the launch of the strategies. However, in reality, this does pose the question of the dimension of implementation in regulatory stringency.



There are internal variations among countries supporting the principle. France and the UK clearly mention in their strategies that, despite the principle of technology neutrality, they put special emphasis on green hydrogen. The Czech Republic and Russia rely on this principle to justify their support for hydrogen produced from fossil fuels and nuclear power. In countries where the principle is not expressed, we further examine the allocation of supporting funds for hydrogen technologies. We found that, in Finland, Hungary, India, Japan, the Netherlands, Norway, Poland, Republic of Korea, the UAE, and the US, despite not using “technology neutrality” in the strategies, these countries support fossil-fuel hydrogen technologies and infrastructure in their hydrogen strategies.



Following a detailed analysis of each of the parameters, we present the combined results of regulatory stringency for green hydrogen in national hydrogen strategies in Table 5. We discuss the results in Section 4.1.





4. Discussion


4.1. Regulatory Stringency for Green Hydrogen in National Strategies


According to Table 5, we allocate countries into five different groups of regulatory stringency for green hydrogen (Table 6). As illustrated in Figure 3, the levels of regulatory stringency in the scale first and clean later group are associated with the number of regulatory measures in place.



The zero regulatory stringency group includes India, Norway, and the US. These countries intend to continue to rely on fossil-fuel resources and nuclear power plants to support hydrogen development. Without certification, consumers cannot tell the sources of hydrogen. Renewable hydrogen can only take the market when it is cheaper than fossil-fuel-based hydrogen, but this is difficult if not impossible without a nationwide coal phasing-out timeline or carbon pricing. Despite aspiring to become the world’s largest green hydrogen exporter, India does not have any regulatory measures in place. However, the lack of a certification scheme, in particular, may impede the competitiveness of its green hydrogen in a global market, and there can be a high risk of green washing [118]. Norway is one of the world’s largest exporters of natural gas and has not yet pledged to quit coal. It does not include any institutional design of hydrogen certifications despite its aspiration to engage in international maritime regulations of using hydrogen as a maritime fuel. CCS-related technologies have been its focus for innovation support. The US does not meet the parameters either, not because it does not have the regulatory capability, but because its predominant market-based regulatory approaches have constrained the use of more interventionist regulations such as carbon pricing nationally and exclusive support for renewable hydrogen. However, it is worth noting that many of the regulatory measures do exist in the US at the subnational level. Jurisdictions such as California have their own certifications and carbon pricing mechanisms that pioneer environmental regulation, known as the California effect [114]. Nonetheless, these subnational regulations do not count in this analysis.



The scale first and clean later group has three levels of regulatory stringency. The low regulatory stringency countries include those intending to continue to utilize their fossil fuels for hydrogen production, such as Australia, Colombia, Finland, Japan, Paraguay, Poland, Russia, and the UAE. Some of the South American countries, such as Paraguay, intend to use their renewable power potential, but the country does not yet have a certification scheme for export. Given green hydrogen certifications are almost necessary for Paraguay as an export-oriented country, the country is likely to move up the green hydrogen regulatory stringency scale [119]. Finland and Poland do not have explicit hydrogen certifications either, but both countries will likely be impacted by the proposed RED II revision [120] as EU member states. Australia, Colombia, Russia, and the UAE are located in this group mainly because of the lack of fossil-fuel penalties as compared with countries in the low regulatory stringency group. These countries also tend to have a “balanced” approach for fossil fuel and renewable hydrogen [46]. For instance, although the UAE has established the world’s largest green hydrogen infrastructure so far; blue hydrogen associated with CCS is still the mid- to long-term strategy given its abundant natural gas resources [121].



The medium regulatory stringency group includes Canada, the Czech Republic, the EU, France, Germany, Hungary, Morocco, the Netherlands, the Republic of Korea, Slovakia, Ukraine, and the UK. The EU and most EU members are in this group. These are all industrialized nations with solid infrastructure, and most of the countries include decarbonization in their national hydrogen strategies. Countries are located in this group because of their explicit or de facto support for technology neutrality as their principle. What is reflected by this principle is a more incremental transitional pathway as compared with the high regulatory stringency group. The EU has been clear about its deployment of hydrogen in the short term (balanced development of both blue and green hydrogen) and long-term priority of renewable hydrogen.



The high regulatory stringency group includes Chile, Italy, New Zealand, and Spain. These countries have all the regulatory measures in place. Italy, Portugal, and Spain are the EU member states that are exclusively supporting green hydrogen in their national strategies. New Zealand is positioning hydrogen as a premium sustainable good and focusing on establishing standards for export [34], and it has been clear that the government is not supporting CCS technologies. Chilean government studies indicate that Chile will have the lowest green hydrogen production cost in the world. The Chilean government ambitiously targets exporting its energy to the rest of the world before the end of the decade and estimates that, by 2050, revenues from exports of green hydrogen could comprise up to 10% of the Chilean GDP [20].



Portugal is the only country in the “green-hydrogen-now” group because it has all three regulatory measures in place, and it has already phased out coal at the time of writing [89]. Portugal is a renewable resource-rich country aiming to become a leading exporter of green hydrogen. The Portugal hydrogen strategy envisages over 2.85 billion EUR for investment and construction of a large-scale solar power plant for hydrogen production to cover domestic and European demand. Portugal is the only country that meets the temporal dimension as compared with countries in the high regulatory stringency group.




4.2. Further Regulatory Challenges


The purpose of this article is not to present a scoreboard of the national hydrogen strategies. First, national hydrogen strategies are a fast-evolving space, and some of the results may become obsolete soon after the article is published. Second, scoring and ranking may become reductionist objectives themselves, which may divert attention from challenges confronting a stringent hydrogen regulation that is genuinely contributing to rapid decarbonization. This section discusses some of the regulatory challenges revealed in this study.



4.2.1. Lost Environmental Rigor in Characterizing “Green”, “Clean”, and “Low-Carbon” Hydrogen


In addition to the color-band terminologies, we also observe that terms such as clean hydrogen, low-carbon hydrogen, and zero-emission hydrogen appear in some national strategies. The environmental rigor that should otherwise be manifested by these terms is lost. For instance, Australia’s National Hydrogen Strategy carefully avoids using the term “green hydrogen”, other than referring to existing projects. Blue hydrogen does not appear in the report at all. Instead, it recognizes that “Australia has the resources, and the experience, to take advantage of increasing global momentum for clean hydrogen and make it our next energy export” [18] (p. viii). Clean hydrogen is defined as being “produced using renewable energy or using fossil fuels with substantial carbon capture and storage (CCS). This definition reflects a technology-neutral stance” [18] (p. xiv). This definition reveals the common problems of using terms such as green or clean (while appealing to consumers, they disassociate the terms from technicalities about their climate impact), their production pathways, the estimated emissions intensity, basis of carbon accounting system boundaries and scope, and the consideration of offsets. Many countries also use the term “low-carbon hydrogen” in their national hydrogen strategy. While this term seems to be more closely associated with the decarbonization objective, the sole focus on carbon emissions may ignore other potential environmental and social risks arising from the hydrogen production process (in particular from nuclear power).



The literature has warned that the “lack of consensus and clear definition in the realm of environmental marketing allows many marketers to slip through the reasonable consumer inquiry despite falsely suggesting or implying an environmental benefit” [118] (p. 253), and it calls for clarification and bright-line “green” definitions by the government to prevent greenwashing. However, our findings in the hydrogen strategies reveal that even government definitions may not guarantee the rigor of the concept of “green” to achieve environmental objectives. In some countries, such as the Netherlands, reliable hydrogen development pathways are still debated [122]. In countries such as Canada, the Czech Republic, Hungary, India, Japan, Poland, Russia, Slovakia, the UAE, Ukraine, and the US that have existing nuclear power generation capacity, producing hydrogen from nuclear power is often presented as an opportunity to continue using their nuclear power. Declaring green characteristics in national hydrogen strategies not only increases their acceptance, but the regulatory power to define and characterize “green”, “low-carbon”, or “clean” hydrogen in national hydrogen strategies also brings an opportunity to adjust the shades of “green” in the context of energy trilemma.



An implicit context for the green characterization in national hydrogen strategies is the knowledge and industrial foundations that have already been set in a specific country. Most of the value associated with hydrogen investments is expected to be created in knowledge-intensive sectors, such as chemicals, mechanical engineering, and electrical equipment. Countries with industrial infrastructure in place may benefit from the deployment of low-carbon hydrogen technologies. No country characterizes the characteristics of green hydrogen without referring to its existing industrial strength, natural resource endowments and demands, or its entire energy mix in the decades to come.



As pointed out by Gunningham [123], the three objectives of affordability, reliability, and sustainability in energy governance may not be met at the same time. Among the three dimensions, the major tradeoff for hydrogen deployment is between cost and climate commitment [124]. In the context of the energy trilemma, green hydrogen, low-carbon hydrogen, and clean hydrogen definitions and characterizations often lose environmental rigor because they are characterized by the combination of genuine intentions to achieve decarbonization and other more strategic considerations. Even if the discourse on hydrogen categorization is changed from color-band terms to more science-based terms [125] (p. 8), the lack of environmental rigor may persist, as long as these underpinning calculations beyond sustainability remain.




4.2.2. Inarticulate Objectives for Applying Technology Neutrality


Technology neutrality seems to be the principle to blur the boundary of innovation support between renewable energy-based hydrogen and fossil-fuel-based hydrogen. Except for countries like Chile, Italy, New Zealand, Portugal, and Spain that are solely focusing on developing and supporting renewable hydrogen, many countries rely on technology neutrality to continue their support for fossil-fuel hydrogen. For instance, in the EU’s hydrogen strategy, renewable hydrogen is referred to as the priority for the EU because it is the most compatible with the EU’s climate neutrality and zero pollution goals in the long term and most coherent with an integrated energy system [23] (p. 5). Nevertheless, other forms of low-carbon hydrogen are needed in the short and medium term, primarily to rapidly reduce emissions from existing hydrogen production and support the parallel and future uptake of renewable hydrogen [23] (p. 5). However, while this principle can be interpreted as technologies that are functional equivalent to achieve an objective should be equally treated, objectives in the national hydrogen strategies are often multifaceted and not clearly articulated for this principle. The Czech Republic interprets this principle by taking low emissions intensity as the objective and states technology neutrality as the reason “why this strategy does not prescribe any target quantities for individual low-carbon hydrogen production technologies as part of the forecast” [22] (p. 42). Hydrogen produced from nuclear power is characterized as low-carbon hydrogen because hydrogen with a minimal carbon footprint can be produced by using electricity generated from nuclear sources to electrolyze water or using high temperatures to directly decompose water [22] (p. 16). Even this principle is not articulated, the US hydrogen strategy simply states that hydrogen is versatile; it can be produced from renewables, nuclear, natural gas, coal, and oil. There was no particular emphasis on which production pathways should be prioritized. Therefore, when adopting the principle, countries need to be clear about environmental and social objectives that the functions of technologies are to be benchmarked. Otherwise, this principle can easily be interpreted in a way that as long as technologies can produce goods with the same use value, they need to be equally supported, which will undermine the expected climate and social benefits of hydrogen.




4.2.3. Trading Hydrogen in a Global Market


Hydrogen will become a globally traded good because the domestic use of hydrogen is limited to hard-to-abate industries like steelmaking and long-distance transport. However, the current national hydrogen strategies have increased regulatory fragmentation, which may not benefit international trade in renewable hydrogen. Our analysis has identified the following challenges:




	
Varied fossil-fuel penalties temporally and geographically








While positioning countries as importing and exporting countries of hydrogen [54] is beyond the scope of regulatory stringency, we do find that varied fossil-fuel penalties both temporally and geographically may discourage regulatory stringency in exporting countries. While importing countries could consider climate objectives and require imports of certified green or low-carbon hydrogen instead of fossil-fuel-based hydrogen, the varied fossil-fuel phasing-out timelines mean that, until the latest decarbonization timeline approaches, there is always a market in the world demanding fossil-fuel hydrogen. At any given time, there is always an importing country willing to accept fossil-fuel hydrogen as long as it is cheaper. As early as 2018, Japan, as a major hydrogen importer, dispatched diplomats and industrial stakeholders to engage with Australia, Brunei, Norway, and Saudi Arabia on hydrogen fuel procurement with price as the primary concern [53]. Compared with importing countries that target certified green/renewable hydrogen, the Japanese market is open for fossil-fuel hydrogen now and in the foreseeable future.



	
Tradeoffs between costs and comparability in certifications






Certifications are a preferable regulatory measure to define and differentiate hydrogen types partly because of their voluntary noninterventionist nature. In each certification, there is a tradeoff between the level of rigor and credibility versus the burden placed upon market players using the certification and the number of participants [109]. For instance, the EU’s CertifHy is the world’s most mature certification scheme, and it has the ambition to expand users by interoperating with or recognizing some domestic certifications of its member states. However, the Czech Republic defines hydrogen produced from nuclear power as “low-carbon” hydrogen. If CertifHy recognizes Czech’s nuclear-based hydrogen as directly part of its low-carbon hydrogen, it means a sacrifice of environmental rigor, which will impede its credibility. Without direct recognition or interoperating arrangement, Czech hydrogen producers can only apply for double certification with extra cost or be excluded from the CertifHy system. The rigor of certifications is directly related to the categorization issue discussed in Section 4.2.1. Moreover, availability of more than one certification in a jurisdiction provides the opportunity for producers to choose to comply with the less stringent regulation and still get labeling of green or low-carbon hydrogen. In addition to the potential problem of racing to the bottom, at least in the short term [81], private industry-led certifications may not be obligated to provide their technical standards to the general public. For instance, the Australian Smart Energy Council, despite claiming its certifications are for zero-carbon hydrogen, does not make clear whether it needs to be produced from 100% renewable hydrogen resources. The lack of this information makes it impossible to compare the stringency of certifications. On the other hand, more information required by a certification scheme means higher reporting efforts and may incur higher costs for producers. Globally, the market for certifications [67] makes it difficult to compare different terms in different systems internationally. This has been identified as a potential barrier to green hydrogen trade internationally [69].



International organizations such as IRENA have already been involved in countries’ development of certifications to prevent the proliferation of incompatible certifications. For instance, it established a Collaborative Framework on Green Hydrogen so that green hydrogen exporters such as Morocco can participate and understand the demand of the EU and engage with the EU on a pilot of CertifHy. Bilaterally, Germany has actively engaged with potential exporting countries such as Chile and the UAE to enhance their regulatory capacity, including establishing a certification scheme.



While renewable hydrogen is clearly a type of environmental good which produces less GHG emissions than its traditional counterparts, the current international trade law requires that green hydrogen should not be treated preferably compared to fossil-fuel hydrogen according to the principles of nondiscrimination. Should such preferable treatment occur, relevant regulations may be subject to the dispute settlement in the World Trade Organization (WTO). For instance, if one country establishes internal regulation to only import certain certified green or low-carbon hydrogen, such regulation may be considered as discrimination against hydrogen produced through other pathways and be sued at the WTO. These challenges of trading hydrogen in a globalized market need to be addressed to have a sustainable hydrogen economy.





4.3. Limitations of the Study


The typology approach with binary criteria involves some limitations. First, the scope of countries we examined involved those with national (regional) level hydrogen strategies in place. This does not include hydrogen inspirations at subnational levels or the hydrogen economy as a whole. There are countries where national strategies are absent, but local level strategies exist, e.g., China. Despite China having issued city-based rewards and subsidies [126], and currently being the largest gray hydrogen producer in the world, we did not include it in our analysis because the country as a whole does not meet our selection criteria.



The second issue relates to the parameters. Despite our efforts to describe various combinations of issues and policies around green hydrogen, our typology is built on the literature with a pre-existing limitation—using decarbonization objective as a proxy for greenness (in our research question) of hydrogen. In the framework, sustainability parameters other than carbon emissions are not included, such as biodiversity [127] and water consumption for electrolyzation [128]. Likewise, other important issues such as indigenous land rights and other socioeconomic impacts are not considered in this study. Given this understanding of green hydrogen as hydrogen with zero or low-carbon emissions being not only predominant in the literature but also the national hydrogen strategies per se, other sustainability dimensions are rarely mentioned in national hydrogen strategies as measurable parameters.



Thirdly, we have to balance the breadth and depth of information in the analysis. While acknowledging that detailed technical parameters such as thresholds of emission intensities [10] (p. 2) are important, we refer to the broader regulatory measures in national hydrogen strategies and primary implementing regulations to reveal a panorama of decarbonization commitments and efforts in national hydrogen strategies. The parameters we use are incommensurable; thus, we take a typology approach instead of quantitative analysis of providing a weight for a certain parameter. Our result does reveal the level of regulatory stringency of green hydrogen in national hydrogen strategies as groups, but not as rankings. This is a precautious decision before the perception of the relative importance of the parameters is clear. The Spanish hydrogen strategy maintains that carbon taxes can help provide the right signals for stakeholders and consumers to correctly assess renewable labeling. While the interrelation between parameters like this is an important issue, we did not cover it in this study.





5. Conclusions


This paper took a typology approach and set up a framework to measure regulatory stringency for green hydrogen in national hydrogen strategies with four parameters: temporal parameter, fossil-fuel penalties, hydrogen certifications, and innovation enablement. The temporal parameter of green hydrogen uptake rates countries’ hydrogen strategies according to their readiness for green hydrogen, namely, zero stringency, scale first and clean later, and green hydrogen now. Then, it follows three secondary-level parameters that further distinguish the countries in the scale first and clean later group. Firstly, given that information of fossil fuel hydrogen phasing-out timelines is rarely included in national hydrogen strategies, we use proxy indicators of fossil-fuel penalties which include coal phasing-out timelines and carbon pricing to measure efforts to quit fossil fuels. Secondly, we consider hydrogen certification schemes that are used to differentiate renewable, low-carbon, clean, or blue hydrogen. Thirdly, we take into account innovation enablement as the last secondary-level parameter that identifies a country’s future innovation support—whether it is exclusively dedicated to renewable hydrogen. Technology neutrality is a critical indicator of equal innovation support for fossil-fuel hydrogen-related technologies such as CCS and renewable hydrogen technologies. When technology neutrality is not specifically mentioned, we use contextual information to verify whether only renewable hydrogen innovation is supported by public funds. Fossil-fuel penalties discourage hydrogen produces from fossil-fuel sources of hydrogen, certifications differentiate hydrogen based on their embedded carbon emissions, and green hydrogen enablement provides dedicated support for renewable hydrogen technologies. Altogether, these measures guarantee that renewable hydrogen is differentiated and supported in financing, production, and trade beyond market prices. The temporal dimension further emphasizes the timeframe of the commitment to quit fossil fuels.



Using the typology, we identified a spectrum of green hydrogen regulatory stringency in the national hydrogen strategies. Most countries are located in the transitioning group—scale first and clean later. According to the criteria of this category, this finding implies that most countries with national hydrogen strategies are prioritizing the scaling up of the hydrogen economy to meet their domestic or export demands. Climate objectives are part of the agenda, but their stringency is not guaranteed because of the lack of comprehensive and prescriptive regulatory measures.



We further classified the major scale first and clean later group into three levels, i.e., low regulatory stringency, medium regulatory stringency, and high regulatory stringency, depending on the number of parameters that a national hydrogen strategy satisfies. The low regulatory stringency group includes countries envisaging deploying fossil fuels and nuclear power and engaging in incremental transition. The medium regulatory stringency level includes most industrialized countries that rely on the principle of technology neutrality to support CCS technologies in the short term. Without such regulations, primarily price-based competition may not recognize the value of green hydrogen. The high regulatory stringency group comprises those close to reaching their coal phase-out timeline, with all the regulations in place. Portugal is the only country located in the green hydrogen now group, because it has all three secondary parameters satisfied in its national hydrogen strategy, and it has already phased out coal.



In addition to the result, we further discussed challenges to achieve stringent green hydrogen regulation, including the lost environmental rigor in characterizing and categorizing green hydrogen, an inarticulate objective for technology neutrality, and regulatory challenges for trading hydrogen in a global market.
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Figure 1. The hydrogen color spectrum and indications for carbon emissions [11]. 
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Figure 2. Total emissions intensity of different fuels, including direct emissions from the combustion of brown/black coal and natural gas, process emissions associated with the production of hydrogen from these fossil fuels, and fugitive emissions from fossil-fuel extraction [10] (p. 3). 
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Figure 3. Categorization process for the framework. RS = regulatory stringency. 
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Figure 4. Hydrogen carbon accounting system boundaries [70]. 
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Table 1. The framework of regulatory stringency for green hydrogen.
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Zero Regulatory Stringency

	
Scale-First-and-Clean-Later

	
Green-Hydrogen-Now






	

	

	
Coal phasing-out timeline

	




	
Penalties for fossil fuel

	

	




	

	
Carbon pricing

	




	

	
Hydrogen certification scheme

	

	




	

	

	
Disapproval of technology neutrality

	




	
Innovation enablement

	

	




	

	
Exclusive support for renewable hydrogen *

	








* Investment or targeted funding/grants for green hydrogen, and direct support for green hydrogen innovation such as electrolysis.
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Table 2. Detailed analysis on fossil-fuel penalties.






Table 2. Detailed analysis on fossil-fuel penalties.












	Country
	Coal Phase-Out Timeline Indicated
	Year
	Carbon Pricing
	Notes





	Australia
	No
	
	No
	The Australian national hydrogens strategy intends to develop “clean hydrogen”, which includes hydrogen produced using renewable energy or using fossil fuels with substantial CCS. While this definition in a way restrained fossil-fuel-based hydrogen without CO2 removal, there are no external fossil-fuel penalties beyond the strategy.



	Canada
	Yes
	2030
	Carbon tax, ETS implemented
	The federal and provincial governments are “committed to negotiating” a new or amended deal for the period 2015–2040 Canada Nova Scotia equivalency agreement regarding greenhouse gas emissions from electricity producers, 2020.

	-

	
Promising not to commit any new finance for unabated coal, oil, and gas projects in other countries by the end of 2022.









	Chile
	Yes
	2040
	Carbon tax implemented,

ETS under consideration
	
	-

	
The Plan de Retiro del Carbón (Coal Phase-Out Plan), to combat climate change and achieve carbon neutrality by 2050.




	-

	
The Government committed in 2019 to close all of Chile’s coal-fired power plants by 2040.




	-

	
In July 2021, Minister Jobet announced the closure of all coal-fired power plants in Puchuncaví and 80% of those in Mejillones by 2025.









	Colombia
	No
	
	Carbon tax implemented,

ETS under consideration
	Net zero by 2050 pledged.



	Czech Republic
	Yes
	2038
	EU ETS
	
	-

	
A multi-stakeholder coal commission was established to assess the possibility of a coal phase out which recommended a 2038 coal exit, but the government is considering an earlier date.









	The EU
	Yes
	2030
	ETS implemented
	
	-

	
The EU climate law has set carbon neutrality by 2050 as a legal obligation.




	-

	
Coal has been in sharp decline in the EU since 2012. The EU’s new climate ambitions for 2030 and 2050 and the upcoming changes to the EU Emissions Trading System are expected to accelerate the coal phase out.









	Finland
	Yes
	2029
	Carbon tax implemented
	
	-

	
Aim to achieve carbon neutrality by 2035 as the first industrial country in the world.




	-

	
Create an incentive program to increase demand for clean hydrogen and its byproducts (e.g., carbon contracts for difference). Focus on creating hydrogen hubs by 2022.




	-

	
Nominate a national body for wind power and hydrogen permitting coordination by 2021.









	France
	Yes
	2022
	Carbon tax implemented
	
	-

	
As all but one of the French coal plants have announced closure by 2022, this concerns the Cordemais plant for which there are plans to co-fire it with biomass.









	Germany
	Yes
	2038 (possibly 2035)
	ETS implemented
	Banned the starting of new coal-fired plants after 14 August 2020; the coal plant who received the license to operate until the date will be allowed to operate until 2038.



	Hungary
	Yes
	2025
	ETS implemented
	The coal phase-out date has recently been moved 5 years earlier than originally announced, to 2025 instead of 2030.



	India
	No
	
	No
	
	-

	
Coal makes up more than 50% of India’s installed electricity generation capacity and the country also possesses the fourth-largest global reserves of the mineral.




	-

	
New coal power plants should be built on the condition that they are able to capture and store their carbon emissions.




	-

	
Net-zero emissions by 2070 to secure 50% of India’s energy from renewable resources by 2030.









	Italy
	Yes
	2025
	EU ETS
	
	-

	
Promising not to commit any new finance for unabated coal, oil, and gas projects in other countries by the end of 2022.









	Japan
	No
	
	Carbon tax implemented
	
	-

	
Announced immediate stop of state-backed overseas coal financing in 2021.




	-

	
Japan does not pledge for coal phasing out at COP 26 [86].









	Morocco
	No
	
	No
	
	-

	
Morocco partly supported the COP26 Coal to Clean Power Transition Statement. However, it only agreed to no new coal, without a timeline for coal phasing out [87].









	The Netherlands
	Yes
	2029
	Carbon tax implemented
	
	-

	
Several major utilities such as RWE and Uniper have invoked the Energy Charter Treaty, a legally binding multilateral agreement aimed toward cross-border cooperation in the energy industry, to sue the Netherlands for more than two billion USD as compensation for phasing out coal power by 2030.









	New Zealand
	Yes
	2030s
	ETS implemented
	
	-

	
Agreeing to stop providing public finance for oil, gas, and coal projects abroad by 2022.









	Norway
	No
	
	Carbon tax implemented
	
	-

	
It is reported that Norway’s state-owned coal company will close its last mine in the Arctic Svalbard archipelago in 2023 [88]. However, the Norwegian government does not make any official announcement for coal phasing out.




	-

	
No target date set for net-zero emissions.









	Paraguay
	No
	
	No
	
	-

	
No target date set for net zero.









	Poland
	Yes
	2049
	Carbon tax implemented
	
	-

	
It has been criticized that the 2049 phasing-out timeline is not consistent with the EU’s overall commitment of coal phasing out [87].




	-

	
No target date set for net zero.









	Portugal
	Yes
	2021
	Carbon tax implemented
	
	-

	
Net zero by 2050 pledged.




	-

	
Operator of the country’s last coal plant closed in November 2021 [89], making Portugal the fourth EU member state that have quit coal.









	Republic of Korea
	Yes
	2030
	ETS implemented
	
	-

	
Net zero by 2050 pledged.




	-

	
Announced immediate stop of state-backed overseas coal financing in 2021.









	Russia
	No
	
	No
	
	-

	
Net zero by 2060.









	Slovakia
	Yes
	2030
	EU ETS
	
	-

	
Net zero set by 2050.









	Spain
	Yes
	2030
	Carbon tax implemented
	
	-

	
Net zero by 2050.




	-

	
Spain will be coal power-free by the mid-2020s.




	-

	
Carbon tax introduced.









	Ukraine
	Yes
	2035
	Carbon tax implemented,

ETS under consideration
	
	-

	
In the first week of COP26, Ukraine joined the Powering Past Coal Alliance (PPCA) and pledged that it will stop burning coal by 2035 [90].




	-

	
Net zero by 2060.









	The UAE
	No
	
	No
	
	-

	
Net zero by 2050.




	-

	
A leader in the Middle East with the first solar-driven hydrogen electrolysis facility under construction at Hatta.









	The UK
	Yes
	2024
	Carbon tax, ETS implemented
	
	-

	
Pledged not to commit any new finance for unabated coal, oil, and gas projects in other countries by the end of 2022.









	The US
	No
	
	10 states participated in RGCI, but no national carbon pricing
	
	-

	
Promising not to commit any new finance for unabated coal, oil, and gas projects in other countries by the end of 2022.




	-

	
Net zero by 2050.













Sources: Official documents on climate actions including carbon neutrality and quitting coal, COP26 outcomes, and World Bank data on carbon pricing [91,92,93,94,95].
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Table 3. Hydrogen certification schemes in national hydrogen strategies.
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Country

	
Status

	
Certifying Body

	
Hydrogen Label with Eligible Production Methods

	
Emissions Threshold

	
Carbon Accounting System Boundaries

	
Offset






	
Australia [18,71]

	
In development

	
TBC

	
Clean hydrogen from three main production pathways:

electrolysis, coal gasification with CCS, and steam methane reforming with CCS.

	
TBC

	
TBC

	
Possible




	
Australia [99]

	
In operation

	
Smart Energy Council

	
Zero-carbon hydrogen certification for renewable hydrogen

	
n/a

	
n/a

	
n/a




	
Canada [19]

	
In development

	

	

	

	

	




	
Chile [20]

	
In development

	
Possibly mirror CertifHy

	
Green hydrogen

	
TBC

	
TBC

	
TBC




	
Colombia [21]

	
In development

	

	

	

	

	




	
Czech Republic [22]

	
In development

	
MIT

	
Certification for low-carbon hydrogen according to CO2eqv., regardless of its production method

	
Maximum of 36.4 g CO2eq/MJH2

	
TBC

	
TBC




	
The EU [9,23]

	
In operation

	
CertifHy

(Phase III)

	
CertifHy green hydrogen produced through electrolysis powered by renewables such as solar, hydro, wind, and biogas

CertifHy low-carbon hydrogen produced from nonrenewable low-carbon source

	
Emissions below

70% intensity of hydrogen produced from natural gas, at 24.5 g CO2e/MJH2

(previously 60% in CertifHy Phase II at 36.4 g CO2eq/MJH2)

	
Well-to-gate

	
No




	
The EU [100]

	
In operation

	
REDII

	
Renewable transport fuels of nonbiological origin

	
70% reduction as compared with Baseline

	
Not specified

	
No




	
Finland [24]

	
Not mentioned

	

	

	

	

	




	
France [25]

	
In operation

	
AFHYPAC

	
Green hydrogen produced from all renewable pathways

	
100% renewable

	
Not specified

	
No




	
Germany [101]

	
In operation

	
Clean Energy Partnership

	
Green hydrogen produced from electrolysis and biomass

	
100% electricity from renewables

	
Cradle-to-gate

	
No




	
Germany [102]

	
In operation

	
TÜV SÜD

(Version 01/2020)

	
Green hydrogen produced from renewable energy sources

Nonrenewable low-carbon hydrogen

	
For low-carbon hydrogen, 75% GHG reduction potential

60% GHG reduction potential if used for transport; or

50% reduction potential for other use

	
Cradle-to-grave

	
No




	
Hungary [27]

	
In development (applying the EU standards directly)

	
TBC

	
Various hydrogen types: green (renewable) hydrogen, other carbon-free hydrogen, and low-carbon hydrogen

	
TBC

	
TBC

	
Possibly no




	
India [28,29]

	
Not mentioned

	

	

	

	

	




	
Italy [103] [104]

	
In development (to be aligned with EU directives)

	
TBC

	
Renewable hydrogen.

Low-carbon hydrogen

	
TBC

	
TBC

	
TBC




	
Japan [101]

	
In development

	
Japan will consider institutional designs that ensure hydrogen power generation’s economic efficiency. It is important to visualize the environmental value of hydrogen power generation in terms of assessment, certification, and trading [31].




	
Morocco

	
In development

	
Morocco co-facilitated IRENA’s Collaborative Framework on Green Hydrogen to develop certification of the green hydrogen and commodities [105,106]

Moroccan Ministry of Energy, Mines, and Environment will experiment a pilot cross-border GO transaction with the EU’s CertifHy III [107]




	
The Netherlands [33]

	
In development (Agreements with CertifHy)

	
Vergogas

	

	

	

	




	
New Zealand [34]

	
In development

	
Certified

Energy

	
Renewable gas certification for green hydrogen

Low-carbon gas certification may also be available

	
100% renewable

	
TBC

	
TBC [98]




	
Norway [35]

	
No

	
Although the strategy mentioned the term certification, it is used in the context of aviation (certify electrified planes) and the safety of using hydrogen in shipping These certifications are not green hydrogen certification discussed in this section




	
Paraguay [36]

	
No

	

	

	

	

	




	
Poland [37]

	
No

	

	

	

	

	




	
Portugal [38,39]

	
In development

	
EEGO

	
Gases of renewable origin for green hydrogen and low-carbon gases

	

	

	




	
Republic of Korea [40]

	
In operation

	

	
Extending renewable energy certificates (RECs) to renewable hydrogen

	
100% renewable

	
TBC

	
TBC




	
Russia [41]

	
In development

	

	

	

	

	




	
Slovakia [43]

	
In development

	

	

	

	

	




	
Spain [44]

	
In development Guarantees of Origin (to be aligned with EU standards)

	
MITECO

	
Renewable gases including renewable hydrogen, biogas, and any other renewable gas

	
100% renewable

	
Possibly cradle-to-gate

	




	
Ukraine [45]

	
In development (taking into account European standards and norms)

	
TBC

	
Hydrogen from renewable energy sources

	

	

	




	
The UAE

	
In development

	
Department of Energy emphasized certifications as part of the UAE’s hydrogen regulatory framework [108]

UAE and Germany also agreed to establish a trustworthy certification scheme to ensure that sustainability criteria are met [109]




	
The UK [48,110]

	
In development

	
Department for Energy and Climate Change (DECC)

	
Low-carbon hydrogen: single label that can be applicable to all production methods that meet the GHG threshold

	
TBC

	
Possibly cradle-to-gate

	




	
The US [49]

	
No

	

	

	

	

	








Note: TBC = criteria to be confirmed; n/a = information not available. Sources: national hydrogen strategies, implementing regulations of the strategies while available, and relevant reports [3,9,11].
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Table 4. Detailed country analysis on renewable hydrogen enablement.
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	Country
	Technology Neutrality Mentioned
	Major Initiatives Supporting Renewable Hydrogen





	Australia
	Yes
	The renewable hydrogen will be produced by a 220 KW electrolyzer, which will be powered by onsite solar, or grid-sourced renewable energy.



	Canada
	Yes
	
	-

	
20 MW electrolyzer plant in Becancour, projects developing in BC to support hydrogen fueling network.









	Chile
	No
	
	-

	
Have 5 GW of electrolysis capacity under development by 2025.




	-

	
Produce the cheapest green hydrogen in the world by 2030.




	-

	
Expand the deployment of green hydrogen projects in the short to medium term.









	Colombia
	Yes
	
	-

	
Develop between 1 and 3 GW of electrolysis capacity in regions with highly renewable resources such as La Guajira by 2030.




	-

	
Produce at least 50 kT of blue hydrogen by capturing CO2 in existing SMR plants or new plants for storage or use by 2030.




	-

	
Export to other geographies with enhanced technological maturity by 2050.









	Czech Republic
	Yes
	
	-

	
Intends to focus on production of green hydrogen from renewable energy sources and has announced that it plans to develop six electrolyzer projects with a total capacity of 10 MW by 2025.




	-

	
The development of systems for the pyrolysis decomposition of organic waste and natural gas, as well as the construction of large local solar or wind power plants connected to electrolyzers.




	-

	
Hydrogen from renewable sources includes not only electrolysis of water; it can also be produced by biogas/biomethane reforming (instead of natural gas reforming) or by biochemical or thermochemical conversion of biomass. Hydrogen produced from nuclear power is part of the strategy.









	The EU
	Yes
	
	-

	
Investment of 13 to 15 billion EUR until 2030 into electrolysis within the EU, and a further 50 to 150 billion EUR into renewable energy sources with an installed capacity of 50–75 GW.




	-

	
By 2050, cumulative investments in renewable hydrogen could be 180–479 billion EUR, with 3–18 billion EUR for low-carbon fossil-fuel-based hydrogen.




	-

	
Developed a plan to reach 2 × 40 GW of electrolyzer capacity by 2030.




	-

	
Renewable hydrogen may also be produced through the reforming of biogas (instead of natural gas) or biochemical conversion of biomass, if in compliance with sustainability requirements.









	Finland
	No *
	
	-

	
Emphasizing the role of hydrogen produced from low-carbon sources, as well as with CCUS, is recognized [114].









	France
	Yes
	
	-

	
The aim is to develop “gigafactory” electrolyzer projects in France to increase electrolyzer capacity to reach 0.8–1 GW to produce decarbonized hydrogen.









	Germany
	Yes
	
	-

	
Plans to establish up to 5 GW of generation capacity including the offshore and onshore energy generation facilities.









	Hungary
	No *
	
	-

	
Acknowledges that the Paks nuclear power plant may supply a significant amount of carbon-free electricity for the establishment of a hydrogen value chain.




	-

	
States the most cost-efficient solution for satisfying industrial demand for low-carbon footprint hydrogen is low-carbon “blue”/“turquoise” hydrogen.




	-

	
Strategic timeline for 2030 established (16,000 t/year of “green” and other carbon-free hydrogen).




	-

	
240 MW electrolyzer capacity [27].









	India
	No *
	
	-

	
Acknowledges the need to put nuclear-powered hydrogen in the mix to aid the net-zero 2070 deadline [115].




	-

	
The renewable electricity tariffs are already among the lowest in the world.




	-

	
Conducting bids for 4000 MW of electrolyzer capacity.









	Italy
	No
	
	-

	
The National Hydrogen Strategy is very explicit in targeting support to green hydrogen alone, i.e., that obtained by electrolysis fueled by renewable energy.




	-

	
Anticipates the installation of approximately 5 GW of electrolysis capacity by 2030.









	Japan
	No *
	
	-

	
It is unrealistic to cover all electricity demand only with renewables, with “50–60% renewables in 2050” as a reference.




	-

	
CCS and renewable energy technologies can be used to make hydrogen a completely-CO2-free energy source.




	-

	
Hydrogen produced from nuclear power is supported.




	-

	
Japan’s basic approach is to develop an international supply chain to reduce the cost of hydrogen include combining overseas unused energy with CCS and procuring massive amounts of hydrogen from cheap renewable energy.









	Morocco
	No
	
	-

	
Positioned to produce 4% of the global demand for green hydrogen. Tender for a 100 MW green hydrogen electrolyzer project in 2022, aiming to be operational by 2025.




	-

	
Agreement being signed with Germany that would see an industrial-scale green ammonia plant built in Morocco.




	-

	
Morocco also established bilateral relationships for green hydrogen with Chile, Portugal, IRENA.









	The Netherlands
	No *
	
	-

	
An ambition to scale up electrolysis to approximately 500 MW of installed capacity by 2025 and 3–4 GW of installed capacity by 2030.




	-

	
A new support scheme for cost-effective carbon emissions reduction (the SDE++) will provide sufficient support for blue hydrogen projects with CCS.









	New Zealand
	No
	
	-

	
50 GW of announced green hydrogen electrolyzer projects through to 2030.




	-

	
Clear timeline indicated to completely transition to renewable hydrogen.









	Norway
	No *
	
	-

	
Hydrogen from steam-reforming processes involving natural gas or other fossil fuels combined with CCS included.




	-

	
Projects under development with electrolysis plants of 10 MW or more.









	Paraguay
	No
	
	-

	
Promote the manufacture and development of electrolyzers and technologies associated with the use of green hydrogen using the country’s abundant hydropower.









	Poland
	No *
	
	-

	
50 MW and 2 GW of electrolyzer capacity is planned to be integrated in the energy value chain by 2030 and 2040 accordingly.




	-

	
Assumes the use of electricity from nuclear power plants to produce hydrogen.









	Portugal
	No
	
	-

	
2 GW installed capacity in electrolyzers by 2030.




	-

	
Aims to develop as an important hub of green hydrogen.









	Republic of Korea
	No *
	
	-

	
Gray, blue, and green hydrogen projects are being considered.




	-

	
Develop MW-class, renewable energy-linked water electrolysis design technology by 2022 and demonstrate 100 MW-class renewable energy-linked technology.









	Russia
	Yes
	
	-

	
Primarily aims to develop production capacities in hydrogen produced from nuclear power and from natural gas [116].




	-

	
Technology neutrality is used to safeguard hydrogen produced from fossil fuels and nuclear power [42].









	Slovakia
	Yes
	
	-

	
Aims to utilize low-carbon footprint energy mix due to the big share of nuclear power generation and large hydro power plants. Big potential in well-developed gas infrastructure.









	Spain
	No
	
	-

	
Installed capacity of 4 GW electrolyzers and a series of milestones in the industrial, mobility and electricity sectors, for the period 2020–2030.









	Ukraine
	Yes
	
	-

	
Goal of 5 GW, planned for 2030, will need 20 TWh of renewable energy.




	-

	
National Hydrogen Program: development of the concept of production and use of “brown”, “gray”, “blue”, and “green” hydrogen by 2050.









	The UAE
	No *
	
	-

	
A detailed strategic assessment of the economic potential for green/blue/brown hydrogen with the time horizons 2030 and 2050.




	-

	
A leader in the Middle East with the first solar hydrogen electrolysis plant under construction in Dubai and a fledgling fuel cell electric vehicle (FCEV) fleet [117].









	The UK
	Yes
	The government aims to replace up to one-fifth of natural gas with “green” hydrogen, made through electrolysis powered by renewable energy.



	The US
	No *
	
	-

	
Hydrogen from natural gas is commercially viable today and it could be a bridge technology with CCUS to enable future energy scenarios where hydrogen is sustainably produced using all of the diverse domestic resources. It needs to reduce capital costs and improve the efficiency of these technologies to be competitive.




	-

	
A 5 MW electrolyzer project planned in Washington State, first-of-a-kind nuclear-to-hydrogen projects in multiple states, and a 20 MW electrolyzer plant to produce hydrogen from solar power in Florida.













* The absence of the wording “technology neutrality” does not necessarily mean a country is supporting green hydrogen solely. We refer to the second indicator of evidence for exclusive support for renewable hydrogen. Sources: National Strategies on hydrogen unless otherwise indicated in the table.
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Table 5. Regulatory stringency parameters for green hydrogen by country.
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Zero Regulatory Stringency

	
Scale-First-and-Clean-Later

	
Green-Hydrogen-Now




	
Hydrogen Certification

	
Renewable Hydrogen Enablement

	
Fossil-Fuel Penalties






	
Australia

	

	
O

	
X

	
X

	




	
Canada

	

	
O

	
X

	
O

	




	
Chile

	

	
O

	
O

	
O

	




	
Colombia

	

	
O

	
X

	
X

	




	
Czech Republic

	

	
O

	
X

	
O

	




	
The EU

	

	
O

	
X

	
O

	




	
Finland

	

	
X

	
X

	
O

	




	
France

	

	
O

	
X

	
O

	




	
Germany

	

	
O

	
X

	
O

	




	
Hungary

	

	
O

	
X

	
O

	




	
India

	
O

	
X

	
X

	
X

	




	
Italy

	

	
O

	
O

	
O

	




	
Japan

	

	
O

	
X

	
X

	




	
Morocco

	

	
O

	
O

	
X

	




	
The Netherlands

	

	
O

	
X

	
O

	




	
New Zealand

	

	
O

	
O

	
O

	




	
Norway

	
O

	
X

	
X

	
X

	




	
Paraguay

	

	
X

	
O

	
X

	




	
Poland

	

	
X

	
X

	
O

	




	
Portugal

	

	
O

	
O

	
O

	
O




	
Republic of Korea

	

	
O

	
X

	
O

	




	
Russia

	

	
O

	
X

	
X

	




	
Slovakia

	

	
O

	
X

	
O

	




	
Spain

	

	
O

	
O

	
O

	




	
Ukraine

	

	
O

	
X

	
O

	




	
The UAE

	

	
O

	
X

	
X

	




	
The UK

	

	
O

	
X

	
O

	




	
The US

	
O

	
X

	
X

	
X

	








Note: O = yes; X = no. Renewable enablement and fossil-fuel penalties have two criteria. Both criteria need to be satisfied to qualify a “yes”.
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Table 6. Identification of regulatory stringency for green hydrogen by groups.
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Regulatory Stringency Groups

	
Countries






	
Zero regulatory stringency

	
India, Norway, the US




	
Scale-first-and-clean-later

	
Low regulatory stringency group

	
Australia, Colombia, Finland, Japan, Paraguay, Poland, Russia, the UAE




	
Medium regulatory stringency group

	
Canada, the Czech Republic, the EU, France, Germany, Hungary, Morocco, the Netherlands, the Republic of Korea, Slovakia, Ukraine, the UK




	
High regulatory stringency group

	
Chile, Italy, New Zealand, Spain,




	
Green-hydrogen-now

	
Portugal
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