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Abstract

:

This paper aims at addressing the exploitation of solid-state carriers for hydrogen storage, with attention paid both to the technical aspects, through a wide review of the available integrated systems, and to the social aspects, through a preliminary overview of the connected impacts from a gender perspective. As for the technical perspective, carriers to be used for solid-state hydrogen storage for various applications can be classified into two classes: metal and complex hydrides. Related crystal structures and corresponding hydrogen sorption properties are reviewed and discussed. Fundamentals of thermodynamics of hydrogen sorption evidence the key role of the enthalpy of reaction, which determines the operating conditions (i.e., temperatures and pressures). In addition, it rules the heat to be removed from the tank during hydrogen absorption and to be delivered to the tank during hydrogen desorption. Suitable values for the enthalpy of hydrogen sorption reaction for operating conditions close to ambient (i.e., room temperature and 1–10 bar of hydrogen) are close to 30 kJ·molH2−1. The kinetics of the hydrogen sorption reaction is strongly related to the microstructure and to the morphology (i.e., loose powder or pellets) of the carriers. Usually, the kinetics of the hydrogen sorption reaction is rather fast, and the thermal management of the tank is the rate-determining step of the processes. As for the social perspective, the paper arguments that, as it occurs with the exploitation of other renewable innovative technologies, a wide consideration of the social factors connected to these processes is needed to reach a twofold objective: To assess the extent to which a specific innovation might produce positive or negative impacts in the recipient socioeconomic system and, from a sociotechnical perspective, to explore the potential role of the social components and dynamics in fostering the diffusion of the innovation itself. Within the social domain, attention has been paid to address the underexplored relationship between the gender perspective and the enhancement of hydrogen-related energy storage systems. This relationship is taken into account both in terms of the role of women in triggering the exploitation of hydrogen-based storage playing as experimenter and promoter, and in terms of the intertwined impact of this innovation in their current conditions, at work, and in daily life.
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1. Introduction


According to the analysis performed by the International Energy Association [1], the electricity consumption per capita increased significantly in last 30 years. At the global level, it changed from 2.06 MWh/capita in 1990 up to 3.26 MWh/capita in 2018, with an increase of 58% [1], along with a further world increase in electricity demand of 3.5% during 2019–2021 [2]. This indicator is very different considering different areas, as evidenced from the comparison of the electricity consumption in 2018 in Europe (5.60 MWh/capita), Africa (0.57 MWh/capita), and Asia (6.04 MWh/capita) [1]. On the contrary, thanks to the significant introduction of renewable energies, the CO2 emission production per capita increased much less at the global level (i.e., 14%), changing from 3.88 tCO2/capita in 1990 to 4.42 tCO2/capita in 2018. Even in this case, the values are very different comparing data for 2018 in Europe (5.72 tCO2/capita), Africa (0.98 tCO2/capita), and Asia (8.58 tCO2/capita) [1]. It is worth noting that, considering the values of the same indicator in 1990, a significant decrease was obtained in Europe (−29%), whereas it moderately increased in Africa (+15%), and it dramatically increased in Asia (+230%). On the other hand, global energy-related CO2 emissions reached their maximum of 33.5 Gt CO2 in 2018, before falling to 31.5 Gt CO2 in 2020 due to the financial crisis and COVID pandemic [3].



The decreased CO2 emissions in Europe can be correlated to an increment in renewable energy production over the last 20 years that replaced the production of electricity by nonrenewable sources. However, increased emissions in Africa and Asia are mainly related to the still dominant production of electricity using nonrenewable sources, even if a significative increment in renewable electricity production has been implemented moving from 58,244 GWh produced in 1990 to 162,686 GWh in 2018 in Africa (+179%), and moving from 282,578 GWh produced in 1990 to 2,346,209 GWh in 2018 in Asia (+730%) [1,4]. The impact of RES production can be highlighted considering the evolution over time of the tCO2 produced per MWh consumed, as reported Figure 1.



Europe is the lowest producer of CO2, reaching a value about 1.0 tCO2/MWh in 2018. By introducing a significative amount of RES in recent years, Asia was able to significantly reduce CO2 emissions per electricity consumption to a value of about 1.4 tCO2/MWh in 2018. On the contrary, Africa slightly increased the tCO2 produced per MWh consumed, reaching a value of about 1.7 tCO2/MWh in 2018.



These trends underline the need of implementation of renewable energy production in developing areas that can benefit from increased green energy production while decreasing CO2 emissions. In fact, to get rid of pollution and global temperature increase, it is fundamental to look for an alternative to fossil fuels. The Paris Agreement aims at holding the increase in global average temperature below 2 °C above the preindustrial levels [5]. The Clean Energy for all Europeans Package (CEP) represents the response of the European Union to the Paris Agreement, and its purpose is to drive European Union toward a complete decarbonization by 2050 [6]. This ambitious goal provides for (i) an enhancement of efficiency in all energy-consuming applications, especially in the building sector, (ii) an enhancement of the security of energetic supply, and (iii) help for the integration of renewable energy sources (RES). CEP updated the energetic objectives for 2030 (the Climate and Energy Package of 2009 set the so-called “20-20-20” energy targets) and defined the 2050 goals.



The turning point for renewable exploitation (e.g., wind, solar, and water) can be reached only through the efficient storage of their energy. In fact, renewable energies are highly considered for the distributed production of energy, but their fluctuations in time and geography call for the use of energy storage systems that can deliver energy when needed. The development of good, clean, and efficient materials for energy storage is the bottleneck for using only renewable energies, instead of fossil fuels [7]. It is, therefore, important to design integrated systems at a large scale that allow storing excess energy to meet future demand and utilization at another place or time. The phasing out of the fossil fuels cannot be solved by a single technology but must involve the development of different approaches, which could offer economic and environmental benefits and cover any requirements concerning application, cost, and footprint, while considering its complete life-cycle assessment.



At present, the storage facilities that do exist use pumped hydropower [8], a system that pumps water uphill to a reservoir when excess electricity is available and then lets the water flow downhill through turbines to generate electricity when it is needed. However, this can only be located in very limited areas. Developing new energy storage technologies that are comparable in reliability and cost to pumped hydropower, and that are deployable at any location could enable the storage of vast amounts of electricity anywhere on the grid worldwide and would enable the increased use of renewable electricity generation while maintaining high reliability in electric supply. A continuous flow of clean energy can be obtained with the development of smart grids connected with different energy storage systems, such as batteries or heat storage systems.



One option for electricity storage is the production of green hydrogen from water. In fact, electricity excess can be exploited to produce hydrogen to be used in various applications and in different periods, for example, in power production to satisfy domestic or multiple users.



For this reason, this paper aims at providing an overview of the opportunities and the challenges to be addressed for the available hydrogen-based solutions to become key technologies and boost energy transition, thereby improving energy storage efficiency and smart grids.



Although it is mostly focused on technical aspects, the ambition of the paper is to also shed light on social aspects, considering both the passive perspective of the expected impacts of innovation on different social groups and the active perspective of the role that social dynamics might play in catalyzing the innovation diffusion and acceptance. The literature on sociotechnical systems transition shows, in fact, that no single technological innovation actually exists but instead highlights that innovation processes always involve reciprocal adjustments among the social and technical domains at different levels of the system that a specific innovation is expected to affect when dealing with innovation processes. Therefore, it is always needed to consider the many social, economic, regulatory, and cultural aspects that characterize the system within which the innovation is expected to spread, in order for the innovation itself to “get out from the niche” and exploit its full potential [9,10,11,12].



The paper firstly gives, in Section 2, an overview of hydrogen-based technologies for energy storage. In Section 3, an introductory overview of the social aspects to be considered with respect to the spread of innovative solutions for supporting the energy transition is provided, with a focus on the relevance of the gender perspective. Then, in Section 4, the paper focuses on available materials for solid-state hydrogen storage in alloys and inorganic materials, and it presents examples of applications of hydrides for hydrogen storage in integrated systems available at the lab scale (units of kilos of hydrogen stored) and at the industrial scale (tens of kilos of hydrogen stored), with attention paid to the flexibility of solid-state-based systems that can be easily integrated to deliver a moderate quantity of hydrogen when and where required. Lastly, in Section 5, some provisional remarks to link the exploitation of hydrogen-based storage solutions with the gender perspective are provided, and a few research proposals providing an empirical basis for exploring this link are suggested.




2. Hydrogen-Based Solutions for Energy Storage


The hydrogen cycle from renewables is completely CO2-free, and water is the only by-product [13]. The energy storage can be obtained using hydrogen (H2) as a secondary energy vector, which shows several advantages. It can be produced from other primary energy sources, thus being unlimited, it can be stored for a long period of time, and its storage is a key enabling technology for the advancement of hydrogen and fuel cell technologies in applications including stationary power, portable power, and transportation [14,15]. Moreover, the interest in hydrogen as an energy vector is due to its highly exothermic reaction with oxygen to produce only water. Compared to fossil fuels, 1 kg of H2 has the same energy as 2.4 kg of CH4 or 2.8 kg of gasoline. This means that hydrogen has a higher energy-to-weight ratio compared to other fuels. On the other hand, for the energy-to-volume ratio, the situation is inverted. Liquid hydrogen has 8.5 MJ·L−1 compared to 32.6 MJ·L−1 of gasoline [16]. This is a drawback for hydrogen storage, because a much higher volume of hydrogen is required to have the same amount of energy provided by most fossil fuels. The aim of hydrogen storage research is to overcome this problem, increasing energy density to limit system volume.



Conventionally, H2 is stored as compressed gas or liquid. It requires significant energy consumption to reach hyperbaric pressures and cryogenic temperatures, resulting non-economically advantageous. On the contrary, the use of hydrogen carriers is a promising solution, since they allow storing H2 at low pressure and close to room temperature, achieving large volumetric densities compared to compressed or liquid hydrogen. Considering a generic hydrogenation reaction of an intermetallic compound (M) to form the corresponding hydride (MH): M + x/2 H2 ⇆ MHx, the thermodynamics of the equilibrium is characterized by the interrelation among H2 equilibrium pressure (Peq), its concentration (C) in the carrier, and temperature (T), which is described in PCT diagrams. The Peq is given as a function of temperature by the Van ’t Hoff equation, Peq = ΔH/RT − ΔS/R, where ΔH and ΔS are the standard enthalpy and entropy of the reaction, respectively, and R is the gas constant. The kinetic properties of H2 sorption reactions determine the rate at which practical handling can be realized in the material. Moreover, handling hydrogen as hydride results safer than liquid and compressed gas. In addition, the environmental impact evaluation, through a life-cycle analysis (LCA), of the use of solid-state carriers in a tank demonstrated that the environmental impact could be limited with respect to other H2-storage technologies [17,18].



The energy produced by a renewable source (e.g., sun and wind) is used to produce H2 from water through an electrolyzer. The gas is then stored in the designed tank using a carrier. A heat storage system allows collecting solar heat, which can be used during the desorption event to release hydrogen from the MH. Finally, the released green H2 supplies a fuel cell (FC) producing electricity to refill electric vehicles or feed stationary fuel cells for on-demand electricity production, in order to meet the needs of end users (either prosumers or energy communities). The flows of hydrogen, heat, and electricity during hydrogen production and use are described in Figure 2a,b, respectively. However, the hydrogen cycle, from its production to its final use, is characterized by the efficiencies of different technologies, which results in a loss of energy during its use, but provides green and flexible storage and use of RES. The processes basically involve three steps: production, logistics, and use. The production of hydrogen by electrolysis of water involves the transformation from a liquid phase to a gas phase, with an efficiency that strongly depends on the technology used, but which can reach values up to about 85%. The logistics of the gaseous hydrogen produced (i.e., its storage and distribution) is related to its compression, liquefaction, or interaction with an appropriate carrier, all processes that involve a loss of energy, with efficiencies up to about 85%. Lastly, its use in combination with oxygen in a fuel cell allows electricity to be produced where and when needed. A large variety of fuel cells are available, characterized by different efficiencies, typically around 50%, but which can reach values up to 70%.



Considering bottlenecks in energy storage systems, potential technological applications using hydrogen as a carrier in an MH-based system are expected to provide practical operation conditions at pressures below 50 bar and temperatures below 120 °C, including the solar thermal energy contribution to the management of the hydrogen storage system. The main drawback in using MH operating close to ambient temperature and pressure for hydrogen handling is the gravimetric capacity, being made of transition metals (e.g., 1.3 wt.% hydrogen for LaNi5). Achieving hydrogen capacity close to 2 wt.% in mild pressure and temperature conditions is also important for stationary applications, because it lowers the cost of MH per kg H2. For these reasons, it is necessary to define and design innovative green hydrogen (i.e., produced by non-programmable renewable sources) storage systems, aimed at small-scale users in the civil sector (vehicles, individual houses, condominiums, etc.).



In order to allow for an even more intense exploitation of nonprogrammable renewable sources (sun and wind) in the electricity generation system, it is of fundamental importance to develop distributed generation, and end users must be encouraged to install energy production systems equipped with energy storage, thus becoming prosumers.



As for the end users, it is worth highlighting that prosumers (both as individual households and collective initiatives, such as energy co-ops and communities) have been gaining more and more relevance over the past two decades as a catalyzer for the diffusion of renewable technologies, mainly triggered by the feed-in-tariff incentive schemes in many EU countries [19]. Again, a major challenge that prosumers and energy communities have to face for being actually able to satisfy their own energy demand is the discontinuity of power production from RES. Therefore, hydrogen-related storage solutions can play a crucial role in fostering their diffusion and development, thus making the national energy system able to exploit the funding and policy opportunities coming from the extraordinary convergence of the emergency funds provided by Next Gen EU and the policy framework resulting from the national transposition of the EU directives on Energy Market and Renewables [20,21].



Therefore, electricity prosumers and energy communities indeed could be able in the near future to play a central role as an integral part of the electric system, for the spreading of hydrogen technologies and for the overall energy transition, by reducing network losses, by encouraging the implementation of innovative technologies, and by reducing pollutant emissions and energy import, thanks to energy self-production.



Basic and applied research and knowledge on new classes of multifunctional materials will lead the way for the development of such flexible and efficient energy storage methods, the key to a reliable clean electricity supply as reviewed in the present paper, focusing on hydrogen storage technologies and examples of integrated solid-state hydrogen storage systems presented so far at the lab scale and up to the storage of tens kilos of hydrogen (industrial scale).




3. Social Aspects of Energy Transition: A Sociotechnical System and Gender Perspective


The centrality of women in the transition processes has entered the international policy agenda for sustainability. At the last United Nations Climate Change Conference (UNCCC), governments approved the Gender Action Plan (GAP), recognizing the importance of equally involving men and women in climate action for an efficient and equal energy transition that will ensure human rights-based and gender-just implementation in the energy transition [22]. With the GAP, we have entered in a new era in which we must enable women’s leadership in decision making at all levels of society. By empowering women and girls, we can both address a right issue and give ourselves a better chance to meet the Sustainable Development Goals and the Paris Agreement. The calls for gender equality and women’s empowerment were clearly established. As a matter of fact, it has been evidenced that the effectiveness of energy policies improves when gender is acknowledged, through the optimization of outcomes for all the actors involved in the energy system, as highlighted by some policy design approaches such as women in development, gender in development, transformative approach, intersectional approach, and social justice [23]. In this section, we argue why the engagement of women in the transition trajectories and strategies, highly underestimated by policymakers and underexplored by researchers, needs to be carefully considered in order to mitigate the related social impacts and to foster the transition to renewables itself.



3.1. The Sociotechnical System Framework for Sustainability Innovation


Climate change is making our world overall less safe for the entire biosphere. Human beings (and human culture and societies) are at risk of being overwhelmed by this global process that they consistently contribute to trigger. Both the increase in the frequency and magnitude of catastrophic events and the negative trends in environmental assets, such as temperature, droughts, and pollution, might produce economic and social negative impacts, able to affect individuals and social groups, thereby hampering and challenging the current social order. A changing climate, therefore, affects all living beings; however, as for the most delicate natural ecosystems, it is the world’s poorest and most vulnerable groups, such as the elderly, migrants, and indigenous groups (and especially women and girls within these groups), who withstand the worst of environmental, economic, and social shocks.



The energy transition is an essential component of the climate action and there is a high need for the consideration of social aspects and dynamics as a crucial component of the transformation of energy systems, not only from the passive perspective of the social risks connected to the impacts of the transition process and the ambition to reduce social problems such as energy security, energy poverty, and the gender gap, but also, and even more so, in terms of the relevance that the social factors (culture, values, education…) and dynamics (interaction, solidarity, imitation…) might play in fostering the transition process, in contexts shaped by the interaction of many nontechnical aspects (regulations, market structures, policy and planning, financial tools…). The sociotechnical system (STS) approach seems well suited to consider all these nontechnical aspects and dynamics, and it has been gaining relevance for the past two decades in the innovation and sustainability literature as a comprehensive framework able to address the changes in societal subsystems (such as energy, mobility, and agro-food) that are needed to deal with sustainability challenges. By using the label STS, we make reference to an ensemble of technological and social components interacting in an environment for fulfilling a specific objective that cannot be reached by the single technological or social component acting alone [24]. On the basis of this definition, it is easy to find in energy systems the basic feature of an STS: the objective is to provide usable energy; the social component is the ensemble of rules, institutions, and actors, as well as their behaviors, values, and interactions; the technical component is the wide range of technologies available for producing, distributing, using, and storing energy. The energy transition is, by nature, a sociotechnical transition where social innovation (in rules, behaviors, policies, organizational models…) is as important as technological innovation [25].



When it comes to describing sociotechnical system transitions, the most widely adopted framework considers three levels to describe the innovation process (multilevel perspective—MLP): [24,26]



	
Landscape (macroscale), which considers the sociotechnical setting and megatrends, the wider exogenous environment of macroeconomics, deep cultural patterns, and macropolitical developments, and which usually changes slowly;



	
Regime (mesoscale) or the assemblage of networks (of actors and social groups) and rules (formal, normative and cognitive) that guide the activities of actors, as well as material and technical elements, and that enable and constrain actors. In practice, it includes dominant practices, organizational settings, public policy, and market structure;



	
Niche (microscale), which involves individual actors and small areas for innovation where novelties emerge in an environment protected from mainstream market selection.






STS transitions only come about when developments at all three levels link up and reinforce each other and some inertia in these transitions may be generated from the meso-level due to path dependence on its three dimensions.



Within this social turn in the transition research and policy design, our proposal is to address the relevance of adopting a gender perspective to look at this process not only in order to pay attention to the impact that this transition might have, but also by adopting the MLP to assess the extent to which women’s engagement might affect each of the three levels and, therefore, the innovation process itself.




3.2. The Need for a Gender Perspective to Investigate and Foster Innovation in the Energy Field


So, why are we engaging women and adopting a gender perspective to investigate and design innovation processes in the energy field? As already introduced, women and girls are more vulnerable to the impact of climate change and the related adaptive and transformative policies, especially in developing countries, where women and girls are predominantly responsible for food production, household management, water supply, and energy supply for heating and cooking. As climate change impacts increase, these tasks become more difficult and more time-consuming [27,28,29]. If we jointly consider the exposure of women to the social impact or energy transition and how important the general social acceptance of new technologies that should replace energy systems based on fossil fuel is, the relevance of women’s involvement is straightforward. The social acceptance connected to a fair transition can be performed only by including and empowering minorities in the transformative pathways, and it should include all gender perspectives toward the new energy regime [30].



Yet, owing to their role in organizing social life, women can simultaneously be at the forefront of the solutions to many of the societal concerns connected with energy transition. In both developing and developed countries, they are, for example, early adopters of climate-friendly agriculture and clean energy, and they offer solutions and valuable insights into better managing climate risks [31].



To frame and analyze the role of women in the adoption and diffusion of new technologies to support energy transition, as in the case of solid-state hydrogen storage systems, it is useful to adopt the MLP framework.



As for their relevance at the niche scale, where innovation firstly emerges, women’s roles in society equip them with an understanding of the cultural and community context, which is useful for introducing behavioral change with regard to energy consumption, starting from the household level [32,33]. Secondly, when it comes to the already introduced prosumer exploitation, with energy consumers becoming energy producers for their self-consumption and the market, women’s role can bridge and play a role as the agent of change in the whole energy system. As a matter of fact, women have high potential for developing and implementing energy solutions locally. This is mainly related to women’s different energy dynamics outlooks, decision-making areas, energy needs, responses to crises, or coping mechanisms with respect to men, which lead to more inclusive perspectives toward energy technologies and services that match those dynamics [23]. Lastly, women’s role is crucial for spreading the green energy transition through communications at a family and local level, as well as creating networks and supporting mentorship (up to institutional level and policymaking) with a new perspective to engender the energy transition [34,35].



As for their role at the mesoscale of the sociotechnical regime, which refers to the organizational, market, and policy dimensions, women’s engagement has shown great potential for triggering sustainable innovation in public and private organizations [36].



Nonetheless, for this involvement to be effective and sustainable, energy policies have to be properly implemented and allocations of time and resources between genders should be levered to further include women as participants of the entire energy supply chain, in order to support energy planners and consumers in making informed energy choices and to acknowledge and support women’s livelihood priorities [23,31]. Taking into account gender roles and relations in energy policy design might trigger a shift toward energy justice in implementing availability, affordability, sustainability, intra- and inter-generational equity, and responsibility in the development of energy system infrastructures [23]. On the regime scale of the education system, women’s engagement can also trigger remarkable novelties. In the case of solid-state hydrogen storage systems, given the competences required to develop hydrogen-based solutions that go far beyond mere technical engineering and involve other hard sciences (e.g., chemistry and physics) where women are relatively more represented, hydrogen can be a leverage for STEM women’s valorization. As a result, this valorization might trigger an increment in women’s technical skills and employment in technical role (STEM-related activities).



Lastly, as for the macroscale of the cultural landscape, the design and implementation of more sustainable ways to produce, distribute, and consume energy affect gender equality if women are involved in the process, by hindering stereotypes, levering opportunity and access to education and culture, stimulating energy research to better understand and account for energy transitions, particularly around envisioning a more just transition along political, socioecological, economic, and technical dimensions, and creating more democratic systems and processes [37].



The sociotechnical framework, thus, allows explaining how and why women’s empowerment in the energy transition, through their enhanced inclusion in energy access and use and through the strengthening of their role in the energy chain and decision-making processes, can play a decisive role in addressing the impacts of the sustainable transformation in energy systems considering the social, cultural, economic, and political contexts they are embedded in [23].



As a provisional conclusion, it seems clear that the involvement of women in the energy transition is crucial for the transition itself to be properly and fairly implemented. Because, given their role in organizing social life, women are likely to be more affected than men by the negative and positive impacts of the transition (especially in developing countries), and they can simultaneously play a role as agents in the energy transition. A woman’s perspective offers a more comprehensive perception of the inequalities and power imbalances in the current energy transition [38]. As women take on more leadership roles, they can lead to addressing climate change by promoting a comprehensive sociotechnical transition to renewable energy, redistributing power, with more balanced community and public control over the energy sector benefits and risks, and prioritizing equity and justice with community ownership and distributed governance [39].





4. Applications of Hydrides for Hydrogen Storage


4.1. Hydrides for Energy Storage


As introduced, the bottleneck for an affordable and efficient storage of RES through hydrogen is related to the development of high-density hydrogen storage and integrated systems. Below, a brief introduction of the selected materials for solid-state hydrogen storage is reported (i.e., pure metals, intermetallic compounds, and complex hydrides) to introduce and discuss realized tanks or integrated system applications. Hydrogen storage by physisorption is also possible in MOFs, nanotubes, graphene, and similar materials as recently summarized in comprehensive reviews and articles on the topic [40,41,42,43,44,45,46,47,48,49,50,51]; however, these materials were investigated at a research level and never tested in larger prototypes.



Hydrogen may be stored in pure metals or in inorganic compounds, forming metal and complex hydrides [52,53,54,55]. In some cases, hydrogen is taken up and released in solid solutions (e.g., ZrV2), without changing the crystal structure of the compound, but only increasing the lattice parameters. In contrast, some pure elements (e.g., Mg) [56,57] and intermetallic compounds (e.g., LaNi5) [58] form a hydride phase upon hydrogen absorption [52,53].



Considering pure metals, MgH2 is an excellent material due to its high hydrogen storage capacity (i.e., volumetric H2 density of about 130 kg H2·m−3 and gravimetric H2 density around 7.6 wt.%) [56]. According to available thermodynamic databases (ΔH = −75 kJ/molH2 and ΔS = −130 J/molH2/K) [59], the equilibrium dehydrogenation temperature is high, around 297 °C under 1 bar of H2, and the ab/desorption kinetics is undesirably slow. A summary of Mg additives used to improve hydrogen sorption properties was discussed by Baran et al. [60]. Another promising elemental metal hydride is aluminum hydride (AlH3) [61], characterized by a theoretical gravimetric H2 density of 10.1 wt.%. Other hydrides of pure metals are characterized by extreme conditions for hydrogen sorption reactions (e.g., Li) or by very high costs (e.g., Pd).



A huge number of metal hydrides has been investigated [62], and particularly interesting for hydrogen storage are hydrides based on intermetallic compounds A2B, AB, AB2, and AB5. A is an element which forms stable hydrides (AHx), e.g., transition metals of the left side of the periodic table or a rare earth metal. On the contrary, B elements form unstable hydrides (BHy), e.g., transition metals of the right side of the periodic table. In this way, the resulting hydride AmBnHz will have intermediate properties of AHx and BHy [59]. Examples of intermetallic compounds of interest for H2 storage are reported in Table 1 [59].



A wide variety of AB compounds have been studied, particularly Ti- and Zr-based. The most known AB compound for hydrogen storage application is TiFe and its modifications, obtained by substituting Ti or Fe with other metals [63]. TiFe has high potential for widespread use, since it stores H2 at low pressure and temperature (e.g., 30–70 °C and 10–20 bar) and has a good cycle stability at low pressure [64,65]. Moreover, it is cheap and nontoxic, while the raw materials are abundant. A drawback of TiFe is its hard activation, which usually requires thermal cycling between room temperature and high temperature (e.g., 400 °C) and/or high hydrogen pressure (≈100 bar) [65], resulting in real applications being difficult and costly. Mn-substituted TiFe alloys (Ti(FexMn1−x) have been reported to display easy activation, no changes in gravimetric capacity until x = 0.70, and decreased plateau pressure, compared to TiFe, thanks to the increase in cell dimension due to the Mn substitution [66]. Even quaternary alloys can manifest improved hydrogenation properties, as in the case of Mn and Cu substitutions in TiFe0.9 [67].



AB2 compounds for hydrogen storage include usually Ti and/or Zr as the A-type element, while B is a transition metal [68]. AB2 compounds have a crystal structure of Laves phases, mainly a hexagonal MgZn2-type (C14), cubic MgCu2-type (C15), and hexagonal MgNi2-type (C36) [69]. Thanks to these types of structures, they have the advantage of showing high H2 gravimetric capacity (up to about 2 wt.% H2), fast kinetics in absorption and desorption, and easy activation [70]. However, they do not show high resistance to gas impurities, because of possible reactions with constituent elements.



Most of the applications based on AB2 compounds are linked to the mobile sector, and most of the compositions are based on TiMn2 [71].



AB5 compounds involve rare earth metals and transition metals, and the most representative composition is LaNi5 [58], which displays fast activation, high reversibility at low temperatures, fast kinetics, good resistance to gas impurities and quite good cycling stability [62,68]. Thanks to their excellent hydrogen sorption properties, AB5 compounds are widely used for hydrogen storage applications, but they are based on critical raw materials (i.e., rare earths) [72,73]. LaNi5 has a hexagonal CaCu5-type structure, with space group P6/mmm [74], and, upon hydrogenation, it forms LaNi5Hx hydrides (with 5 < x < 7). LaNi5 has a hydrogen volumetric capacity of 115 kg H2·m−3 and a maximum gravimetric capacity of 1.5 wt.% H2 [75]; pressure composition temperature (PCT) curves display a flat plateau, and hysteresis is limited [76]. Activation is easy and fast and usually involves cycles of hydrogenation and dehydrogenation with pressures and temperatures lower than 100 bar and 100 °C, respectively. In general, substitution of B sites tends to decrease equilibrium pressure, while substitutions of A sites increase it [77].



Recently, attention has been focused on complex hydrides, which are interesting because of their light weight and their high number of hydrogen atoms per metal atom [78]. Complex hydrides can be described by the general chemical formula AxByHz. The A elements are mainly light elements of the first and second groups of the periodic table, which form the cation. The B element could be aluminum, boron, nitrogen, or a transition-metal, which, bonded to hydrogen, forms the complex anion.



Alanates are composed of a complex anion [AlH4]− or [AlH6]3− and respective metal cation, which are salt-like, insulating materials [79]. Depending on the metal cation, theoretical gravimetric capacity is equal to 10.5 wt.% for LiAlH4, 5.5 wt.% for NaAlH4, 5.7 wt.% for KAlH4, and 9.3 wt.% for Mg(AlH4)2 [79]. Kinetics, thermodynamics, and cycling properties of alanates can be tailored through the variation of particle sizes, addition of catalysts (dopants), and doping procedures [80], as in the case of NaAlH4 (3.7 wt.%) and Ti-doped NaAlH4 (3.0 wt.%) [81,82,83].



Borohydrides are inorganic ionic compounds suitable for hydrogen storage in the solid state and they are a multifunctional class of materials that may also be used as fast ion conductors for new types of batteries, gas adsorption, or CO2 capture and recycling. [84,85]. The theoretical hydrogen content of LiBH4 is 18.5 wt.%, i.e., the highest among metal borohydrides, while it is equal to 10.7 wt.% for NaBH4, 7.5 wt.% for KBH4, 14.9 wt.% for Mg(BH4)2, and 11.6 wt.% for Ca(BH4)2. Observed values are usually lower, depending on the experimental conditions [85]. The borohydride decomposition process involves the intermediate formation of the binary metal hydride and elemental boron or, due to kinetics, the formation of closoboranes (MxB10H10, MxB12H12), which limit the reversibility of the process. The thermodynamics and kinetics of hydrogen release and uptake reaction in borohydrides can be tailored by adding a catalyst, doping, or mixing [86,87,88,89,90,91,92,93].



Amides and imides of alkali and alkaline-earth metals in combination with metal hydrides have the potential to meet the needs of on-board hydrogen storage. Lithium amide–imide can form a solid solution that plays a functional role in the hydrogen storage reactions. A review of these materials was recently published by Garroni et al. [94].



Additionally, the formulation of mixtures of metal hydrides and complex hydrides (mainly borohydrides or amide/imide), the so-called reactive hydride composites (RHCs), enables reversible and kinetically/thermodynamically favorable hydrogen desorption/absorption under moderate temperature and hydrogen pressure conditions [85,86].



Few examples using complex hydrides as solid-state hydrogen storage materials have been tested in lab-scale tanks, and main research efforts investigated combinations of different complex hydrides (evidencing the formation of bimetallic compounds or eutectic melting) and metal halides, playing with cation and anion substitutions. Recent reviews reported RHC mixtures involving alanates, borohydrides, metal hydrides, and metal halides [40,78,84,85,95,96]. For establishing further applications of the abovementioned materials for solid-state hydrogen storage in integrated energy systems, the thermodynamic modeling of materials and systems is essential to define and tailor hydrogenation properties and their stability as a function of temperature and pressure in the direction of defining their thermo-fluido-dynamic behavior. Below, an overview of modeling approaches is described, and hydride-based integrated systems available at both the lab scale (storing a hydrogen amount lower than 1 kg) and the industrial scale (storing a hydrogen amount higher than 1 kg) are presented.




4.2. Modeling of Hydride-Based Integrated Systems


A full picture of the thermodynamic properties of a system can be obtained using the CALPHAD approach [97]. The goal of CALPHAD assessments is to obtain a description of the dependence of the free energy of all phases on temperature, pressure, and composition. The interaction parameters can be obtained with a least square procedure, starting from the experimental values of existing phase diagrams and thermodynamic data (Figure 3).



As a consequence, all the thermodynamic functions of the various phases can be derived by optimizing the input data. The basis of the CALPHAD method is the availability of thermochemical data related to the investigated systems. In the absence of experimental information, the output of various thermodynamic or quantum mechanical models can be used [98]. In particular, an estimation of the energy of formation of a compound can be obtained by ab initio modeling. In line with this, calculations have been performed on hydrides using the CRYSTAL program, in its 2009 [99], 2014 [100], and current (2017) [101,102] versions. The CRYSTAL software performs ab initio calculations of the ground-state energy, energy gradient, and electronic wave function and properties (electronic, vibrational, thermodynamic, and elastic) of periodic systems. Hartree–Fock (HF) or Kohn–Sham Hamiltonians, following density functional theory (DFT), are used. CALPHAD assessments of various systems have been carried out in recent years for systems of interest for hydrogen storage. In particular, the suggested approach including a combination of CALPHAD and ab initio modeling has recently been applied to a number of complex hydride systems.



For example, the thermodynamic properties of LiBH4–NaBH4, LiBH4–KBH4, and NaBH4–KBH4 binary systems have been investigated, and the assessed binary systems have shown good agreement with experimental data (Figure 3) [88]. Ab initio results provided the enthalpy of mixing for the solid solutions on both the lithium- and sodium-rich side. Moreover, a full investigation of the ternary system LiBH4–NaBH4-KBH4 was carried out [89]. As for divalent complex borohydrides, calcium [103] and magnesium [104] borohydrides have also been investigated using CALPHAD and ab initio modeling, particularly aiming at the study of halogenation as an alternative for destabilization by changing their bond strength. Concerning the effect on nanostructure in the decomposition of another complex borohydride, i.e., Ca(BH4)2, very recent ab initio simulations of thin films were able to highlight the advantages of nanosizing thermodynamics of hydrogen release from metal borohydrides for energy storage applications [105].



Furthermore, the design of a tank for hydrogen storage in the solid state requires, together with the selection and modeling of materials with specific properties, the development of a suitable control of the hydrogenation and dehydrogenation processes. The goal of modeling is to combine the thermodynamic/kinetic properties of the selected materials with a proper design of the tank. To achieve short refueling times in a metal hydride storage tank and appropriate release of hydrogen for coupling to a fuel cell system, it is first necessary to understand the details of the hydrogen charging dynamics in the hydride bed. Hydrogen storage in a hydride vessel is a complex problem, since the heat and mass transfer, fluido-dynamics, and chemical reaction are not independent processes. Therefore, the detailed physical and chemical processes in the storage bed in relation to heat and mass transfer, chemical reaction, and fluid flow are translated into a heterogeneous model, which is solved with the help of computational fluid dynamics (CFD) simulation software.



As an example, MATLAB or PYTHON compiling software can be used in a lumped simulation to estimate and model the design of a metal hydride system, to define the dimension of the system and the thermo-fluido-dynamic processes involved. This modeling approach is usually followed or combined with finite element analysis (FEA) to refine the design of a product in an accurate and reliable way, as well as quickly obtain the physical quantities of interest for optimizing the design, the management of fluid dynamics, and the engineering of the real tank or prototype system to be developed. An example of FEA simulation software is COMSOL.



The implementation of the tank geometry into the program code can be used as a design tool for solid-state hydrogen storage tanks. The key point for the tank design is the use of coupling of hydrogen storage materials with different intrinsic properties, aimed at an internal management of the thermal effects during hydrogen charging and discharging. Usually, metal hydrides have a low thermal conductivity, on the order of 0.3 to 1 W·m−1·K−1 [106], and, in many cases, heat transfer is the rate-limiting step in storage systems. Thus, experimental data in combination with numerical methods become necessary to understand the mechanism of heat transfer in the bed in order to improve the design and the efficiency of heat exchangers.



Hydrogen absorption and desorption phenomena are modeled through the solution of differential equations governing processes such as the mass balance of hydrogen and metal, momentum, and energy equations. When the values of all parameters are not available in the literature, the model must be validated by comparing the results of calculations with the data obtained from experiments of hydrogen absorption and desorption. As an example, the value of some critical parameters, such as the heat transfer coefficient and effective thermal conductivity, were estimated using COMSOL for LaNi4.8Al0.2 powder on the basis of experimental data [107]. The geometry used in modeling is shown in Figure 4a and represents a longitudinal section with two subdomains (one for the porous media and one for the free space), which is surrounded by an isothermal bath.



Once all the parameters have been set [107], it is possible to obtain the time–space evolution of temperature, as shown in Figure 4b,c for the hydrogen absorption and desorption processes, respectively. In Figure 4b, the temperature into the vessel increases in the first 60 s until it reaches 25 °C due to the exothermic hydrogen absorption reaction. Later, the temperature of the vessel reaches the equilibrium temperature of the bath. In Figure 4c, the temperature into the vessel decreases in the first 30 s due to the endothermic hydrogen desorption reaction. As the external bath is fixed at 40 °C, after 30 s, the temperature increases until it reaches equilibrium. As a result, a full description of the thermo-fluido-dynamic processes during hydrogen absorption and desorption become available.




4.3. Hydride-Based Systems Available at Lab Scale


In 2019, Bellosta von Colbe et al. reviewed metal hydride-based storage systems for stationary and mobile applications, mainly available at the lab scale and presenting technology’s future perspectives [108].



Previously, in 2017, Lototskyy et al. summarized an integrated system realized in the past years, reporting some examples of tanks based on solid-state hydrogen storage materials to be coupled with a fuel cell system at the lab scale [71]. Most of them are based on intermetallic compounds and are demonstrative, prototype, or simulated devices [71]. Reported materials used are mainly based on AB2 ((TiZr)(Mn,Fe,V)2-type) and AB5 (LaNi5- type) intermetallic compounds, which are preferred thanks to their low pressure and temperature working conditions, despite their low gravimetric capacity. Few systems use MgH2 or other carriers, including mixtures of hydrides.



Even fewer examples and studies have been reported in the literature regarding complex hydride-based system for solid-state hydrogen storage at the lab scale. Usually, a very limited amount of hydrogen (grams) is successfully and reversibly stored, as demonstrated below [109].



Utz et al. tested and cycled 98 g of Ce-doped NaAlH4 in a lab-scale tank ensuring fast kinetics and a good gravimetric capacity of 4 wt.% at 120 °C upon 36 cycles [110]. Another 0.3 kg of a Ce-modified sodium alanate tank was realized and tested over 25 cycles, working in the range of 1–100 bar and 30–168 °C, reaching a capacity as high as 3.7 wt.% [111]. An overall system description was presented by Pfeifer et al., consisting of four parallel tanks with 0.5 kg of Ce-doped NaAlH4 in each, coupled with a 1 kW H2-consumption high-temperature proton-exchange membrane fuel cell (HT-PEM FC), a preheater system, and a pump [112]. A cumulative output of 0.8 kWh was reached in a test run at 120 °C, where full material discharging was possible [112].



Usually, in operating conditions, only the first reaction of decomposition can be exploited at 160 °C, as in the case of the Weiss-Ungethüm et al. system [113]. In their study, they successfully coupled an HT-PEM FC with a 0.3 kg Ce-doped NaAlH4 tank, reversibly storing hydrogen for a capacity equal to 2.24 wt.%, and generating an electrical energy of 660 Wh [113].



An aluminum alloy tank containing 1.9 kg of Na3AlH6 doped with 4 mol.% of TiCl3 and 8 mol.% of activated carbon was characterized over 15 cycles by Urbanczyk et al. [114]. The tank operates under 25 bar in absorption and can release 38 g of hydrogen during desorption, for a gravimetric hydrogen density of 2.0 wt.% [114]. Mosher et al. built a 3 kg and 20 kg TiCl3–doped NaAlH4 tank, reaching a material capacity in large-scale production of about 1 wt.% [115,116]. Furthermore, a lab-scale tank using Ti-doped Na3AlH6 synthetized by ball milling was able to store 3.6 g of hydrogen (gravimetric capacity equal to 1.7 wt.%) at 177 °C and 25 bar [117]. The same group developed another prototype tank based on sodium alanates, with a gravimetric reversible density of 2.24 wt.% coupled with an HT-PEM FC stack with an output power of 260 Wel. The operating temperature range of the stack was 120–190 °C [118].



A small sodium alanate tank (30 g) was built and tested by Na Ranong et al., simulating a scaleup to an 8 kg alanate tank for the STORHY project, together with a preliminary study for scaleup to storing 5 kg of hydrogen for mobile applications [119]. The STORHY project (2004–2008) [120] developed a high-capacity complex hydride sodium alanate tank, with a reached capacity of 4.5 wt.%. The tank could be successfully cycled and charged up to 80% in less than 10 min [121]. Later on, the NESSHY project (2006–2010) developed a sodium alanate tank (doped with TiCl3 and AlCl3) with improved gravimetric and volumetric capacity for a total amount of 0.2 kg of hydrogen stored [122]. Sandia and General Motors have successfully designed, fabricated, and experimentally operated and optimized a vehicle-scale hydrogen storage demonstration system using sodium alanates [123]. The demonstration system module design and the system control strategies were enabled by experiment-based, computational simulations that included heat and mass transfer coupled with chemical kinetics [123].



From the perspective of industrial applications, a lab-scale tank was tested using 98 g of Mg(NH2)2–2LiH–0.07KOH reactive composite as hydrogen storage media [124,125]. The tank ran under 60 bar in absorption and at 180–250 °C; the heat management of the system was of fundamental importance for efficient hydrogen delivery and storage [126].



In addition to their use as solid-state hydrogen storage materials, borohydrides can be exploited in direct borohydride fuel cells (DBFCs), a very promising system for portable applications [127], where hydrogen is generated by hydrolysis of complex hydrides. Usually, a DBFC employs an alkaline solution of sodium borohydride (NaBH4) as fuel and oxygen or hydrogen peroxide as oxidant. Recent developments in DBFC research were reviewed in [128]. However, such technology is at an infant stage of development, with a strong need for improvement of materials and a lowering of their cost. Kim et al. described a system that combines PEM FC and a reactor for NaBH4 hydrolysis as a hydrogen generator. The PEM FC consumed approximately 1.2 L/min of hydrogen to generate the electric power of 100 W [129]. The main research on tank and system integration exploiting borohydrides in a hydrolysis reaction was reviewed by Ley et al. together with a description of other developed tanks based on thermolysis for hydrogen generation, mostly involving sodium alanates and reactive hydride composites mixtures [109]. Hydrolysis of borohydride has also been considered for one-shot hydrogen production on demand; it is, however, still restricted to niche and limited applications [130,131].




4.4. Hydride-Based Systems Available at Industrial Scale


Metal hydrides have been known since the late 1970s as a low-risk option to store hydrogen [108]. Intermetallic compounds are usually commercialized in the form of powder, which is usually obtained by the crash of ingots prepared via melting techniques. In order to improve thermal conductivity, some producers provide powders aggregated by suitable binders in the form of pellets. Usually, metal hydrides powders can be handled in air until their hydrogenation/activation. For industrial-scale hydrogen storage applications (i.e., units of kilos of hydrogen and even more), metal hydride powders are produced at a ton level. Hydrogen storage systems based on hydrides are available on the market, even if real applications are still limited. Some examples are briefly described below.



Applications for mobility are limited by the low gravimetric density of metal hydrides. Nevertheless, when an increased weight is a benefit for the application, hydrogen storage by metal hydrides becomes an added value. On the contrary, for mobile applications on roads (i.e., automobiles, heavy-duty transport, and trains), compressed gas is preferred for the hydrogen storage.



An important heavy-duty mobile application is a forklift [108]. An AB2 alloy ((Ti,Zr)(Fe,Cr,Mn,Ni)2 with a Ti:Zr atomic ratio of approximately 0.65:0.35) was developed to work at room temperature and pressure <10 bar. The storage system consists of 20 metal hydride containers for a final weight of approximately 200 kg of metal powder. Each container delivers about 7.5 N·L/min and supplies a PEM FC of about 10 kW.



The maritime sector is interested in limiting pollutant emissions to face climate change, and the use of fuel cells supplied by H2 has found high potential in the last few years. Van Biert et al. recently reviewed fuel cell systems for maritime applications, including hydrogen as a promising energy carrier to be exploited [132]. A special focus on hydrogen storage media in the solid state for submarine applications was reviewed by Fiori et al. [133]. Many other reviews described the development of fuel cell vessels and the potential of hydrogen for maritime and submarine applications [134,135,136,137,138]. Hydrogen-fueled submarines have about 300 kW FC, and the storage system is based on an AB2 alloy, which works between 20 and 50 °C [108]. Another example of application in the maritime sector involves the AB2 alloy (Ti0.93Zr0.05)(Mn0.73V0.22Fe0.04)2 used for the canal boat Ross Barlow, in UK [139], where eight cylinders containing about 30 kg of metal hydride powder each were used and 4 kg of H2 were stored and used to supply a 1 kW PEM FC, which allows 10 h of operation.



Stationary applications mainly refer to the volumetric density rather than the gravimetric density of the hydrogen carrier. In particular, the final footprint per weight of stored hydrogen becomes the key performance metric to be considered. Most integrated systems are based on AB5 compounds, such as LaNi5 and LaNi5-based alloys. As an example, an automated hydrogen-based auxiliary power unit was developed by Doucet et al. [140], with a storage capacity of about 1 Nm3, to be used by a PEM FC of 1 kW. A stationary system commercially available based on an AB5 intermetallic compound is the H2ONE developed in Japan and commercialized by Toshiba [141]. Systems are scaled to be easily installed anywhere, with an H2 storage capacity of ~150 Nm3 per module. An example of a stationary application, based on a commercial LaNi4.8Al0.2 alloy, was developed by Rizzi et al. [142]. The hydrogen tank worked at 60 °C and it was integrated with a 1 kW PEM FC. A scheme of the developed tank is reported in Figure 5a, while a general view of the developed system is reported in Figure 5b.



A hydrogen storage system based on an AB intermetallic (i.e., Ti(Fe,Mn)) alloy was developed in South Tyrolean Alps by GKN [143], with a system providing energy for a house, which had no access to the grid. GKN is now launching on the market small, medium, and large hydrogen storage systems based on this technology [144]. At the Brookhaven National Laboratory, engineering-scale tests were performed in the 1970s, and a large TiFe-based system prototype was developed [145,146,147,148]. A final optimized tank stored 6 kg of hydrogen using 405 kg of TiFe for the storage of off-peak electricity in an integrated system that combined an electrolyzer, hydrogen tank, and fuel cell [149]. In the framework of the European project HyCARE [150,151], supported by FCH-JU, a hydrogen storage system based on AB alloys is planned [152,153,154,155]. The aim of the project is to store ~50 kg of H2 by integrating the storage tank with an electrolyzer upstream and a fuel cell downstream to produce energy for the grid (stationary application). The tank is based on an innovative concept that links hydrogen and heat storage for stationary storage of excess renewable energy.



Mg-based systems are work at high temperatures (e.g., 360 °C) and 0.1 MPa. As an example, the McStore system from McPhy (France) is based on a standard configuration with 12 cylinders containing about 90 Nm3 (i.e., 8 kg) of H2. A demonstration was developed in the frame of the INGRID project, using about 750 kg of H2 carrier [156].



Complex hydrides are only available at the lab scale from mainstream chemical sellers. They have mainly been investigated at the lab scale, with a high purity grade, for research purposes. Application-oriented projects, however, have demonstrated their scale up. As an example, a scaled up system was built and tested by Johnson et al., storing 3 kg of hydrogen in modified NaAlH4 [157].



For on-board vehicular applications, sodium and lithium alanates are particularly effective, since they have high gravimetric capacities and they can release hydrogen at temperatures lower than 200 °C, ideal for coupling with HT-PEM FC. Within the SSH2S (fuel-cell-coupled solid-state hydrogen storage tank) project (2011–2015), a demonstration solid-state hydrogen tank was realized [158] to supply for 2 h a 1 kW HT-PEM FC stack as an auxiliary power unit (APU) for a light-duty vehicle. The optimized hydrogen storage material was synthetized by ball milling [159]. It was an amide–hydride composite containing 2LiNH2–1.1MgH2–0.1LiBH4–3 wt.% ZrCoH3 coupled with LaNi4.3Al0.4Mn0.3, and it can release reversibly, at 150 °C, 4.5 wt.% of hydrogen in 300 min under 0.1 MPa, forming Li2MgN2H2, together with some residual ZrCoH3 [160,161,162]. The tank has a gravimetric hydrogen storage density of 2.45 wt.% H2 (volumetric storage capacity of 10 g L−1), releasing hydrogen at 170 °C [162,163]. An overview of the developed tank is reported in Figure 6. The storage tank consisted of three concentric tubes and the hydrogen carrier was based on a mixed lithium amide/magnesium hydride system, coupled with an intermetallic compound [162]. The system was planned to supply a 1 kW HT-PEM FC stack for 2 h. The developed hydrogen tank is reported in Figure 6a. The complete storage system combined 12 vessels in parallel (Figure 6b), and a general view of the integrated APU system is reported in Figure 6c.



The development of the tank was followed by a study involving a life-cycle assessment (LCA) [17], which demonstrated that, when the electricity consumption for hydrogen gas compression is included in the analysis, a solid-state hydrogen storage tank has similar greenhouse gas emissions and primary energy demand to those of type III and IV gas tanks [17].





5. Discussion and Conclusions


Metal hydrides allow storing H2 at low temperature (e.g., even close to room temperature) and at low pressure (e.g., <50 bar), being easily integrated with a low-pressure electrolyzer upstream and/or fuel cell downstream. A drawback is their low gravimetric capacity (<2 wt.%), which implies a higher amount of alloy compared to high-gravimetric-capacity hydrides, such as complex ones, to reach the same amount of H2 stored. Nevertheless, easier designs thanks to low-temperature and -pressure conditions are allowed, compared to complex hydrides, which usually require high temperatures. Intermetallic compounds are particularly interesting in stationary applications [108], in which there are no limitations on system weight, as well as in heavy mobile applications, such as forklifts [164] or submarines [133]. Lastly, concerning the volumetric capacity, it is on the order of 110 kg H2·m−3 (i.e., higher than liquid H2). The thermodynamic and kinetic properties of metal hydrides allow simple and suitable designs for solid-state hydrogen tanks. AB2 compounds have received high interest for mobility applications, but AB5–based systems are also under development. Hydrogen tanks based on solid-state materials are already available on the market, but limited applications have been demonstrated. Because of the main properties of the hydrogen carriers (i.e., gravimetric and volumetric H2 density), large weights and volumes must be considered for the tank system if the request for stored hydrogen is high. The limited market strongly limits the availability and increases the cost of metal powders for hydrogen storage.



Hydrides can provide a technically suitable solution for the storage of renewable energies and, therefore, can play a relevant role in fostering the transition toward an energy system characterized by a wide adoption of renewable technologies. However, it is now recognized, both in the research and in the policy fields, that technical aspects are only part of the solutions and the social aspects have been gaining relevance in the past decades as crucial components for investigating the transition pathways (e.g., the long-lasting sociotechnical transition approach) [11,24,26] and for designing effective policies for their implementation.



In order to estimate possible applications of solid-state hydrogen storage for energy communities, different scenarios have been considered. As a starting point, the green hydrogen production of 1 kg of hydrogen by water electrolysis is taken as a reference, considering an energy consumption for hydrogen production of 50 kWh/kg H2, so that the time for production can be estimated as a function of the power of an alakaline electrolyzer. Results are reported in Figure 7a, and they show a significant decrease in production time up to about 6 kW, which allows the production of 3 kg H2 per day. Similarly, the running time of a PEM FC with 1 kg of H2 can be estimated as a function of power, as reported in Figure 7b. In this case, a hydrogen consumption of 0.075 kg H2 per electric kWh is considered, which implies an FC efficiency of about 50%. It turns out that, with a 3 kW PEM FC, a one day running time would be possible with about 3 kg H2.



In order to estimate a possible supply for energy communities, electric consumptions obtained in 2018 were considered [1] and days per capita of electric supply are reported as a function of the amount of hydrogen available (Figure 8).



It turns out that, with 5 kg of H2 available, a family of four persons can be fully supplied for 1 day in Europe and Asia, whereas the same amount of hydrogen can today supply the same family in Africa for about 10 days. If a usable amount of 1.3 wt.% in the temperature and pressure ranges of the metal hydride storage system is considered, the storage of 5 kg H2 would need about 385 kg of powder. This would occupy only 0.071 m3 with a metal hydride showing a volumetric density of 100 kg H2/m3, considering a bulk-to-powder ratio of 0.7. Of course, the real volume of the system would increase due to the need of a piping, valves, and thermal management. Lastly, considering a price of 50 EUR/kg for the selected powder, a total cost of less than 20,000 EUR would be necessary for the active materials, which would increase because of auxiliaries. A scaleup of the storage of renewable energies by hydrogen using metal hydrides would benefit significantly from the cost reduction due to the increased quantity of powder, maintaining a reduced footprint of the system, coupled with safe conditions, linked to the low pressure and temperature involved in the technology. Hydrogen technologies, especially for the stationary storage of energy, can be coupled with renewable sources to produce and store green energy, thus allowing for a crucial step toward overcoming the discontinuity in the provision of electricity from RES.



For a technical innovation to be properly developed and diffused and to be adequately accepted and adopted by the users (ultimately, the citizens), attention must be paid to the social, economic, and cultural context within which the innovation should be embedded, to better design the innovation itself, to minimize the negative impacts, and to maximize the potential benefits. Among the many social aspects and dynamics that deserve to be considered, the promotion of a gender perspective as a driver for more innovative and inclusive solutions in the clean energy transition and in the hydrogen-based solution exploitation must be implemented. This innovation might also represent a huge shift for encouraging local communities and families to become prosumers and could also be leverage for making the energy transition an opportunity for the enhancement of women’s conditions.



A recent study on prosumers’ energy practice in households in Norway and the United Kingdom in fact evidenced that the introduction of energy production and use influences everyday routines and lifestyle [165]. The implementation of a storage system based on hydrogen within an integrated energy system enables new organization of in-house tasks due to the improved control over the distribution of smart energy use. H2-based storage solutions might, therefore, positively impact the condition of women, to date still the most responsible for managing chores at home. On one hand, these solutions might increase women’s free time and their autonomy in managing the daily scheduling, and they might trigger the shift to a more gender-balanced distribution of chores in an ungendered house space.



From the gender perspective, the dark side of H2 development, as reported by the study in [165], is the role of males in the decision and adoption of renewable energy systems and their maintenance. This process, today, is still skewed toward men due to the requirement of more technical skills and, as a result of a historical but still persistent trend, is characterized by a highly unbalanced distribution of STEM competencies [165]. Given this evidence, the goal must be to increase women’s involvement in the process as bearers of expert knowledge, thereby steering the decision-making process. The development of H2-based technologies might help in fulfilling these goals through two main strategies. Firstly, women’s present STEM skills that are relevant for H2-based solutions can be collected, as fostered by the “Women in Green Hydrogen” network, which created an expert database of passionate women working in the green hydrogen sector [166]. Their vision is to increase the visibility and amplify the voices of women working in green hydrogen. More than other RES technologies, H2-based ones need technical engineering skills to be complemented by other knowledge (e.g., chemistry and physics) where the female component is relatively more represented. Secondly, in the mid-term, the inclusion of STEM women in H2 development might play a driving role in steering women’s educational and professional careers toward the STEM fields.



In conclusion, H2 might positively impact women both as a trigger for a more balanced distribution of daily activities connected to family and house management and as a trigger for enhancing the role of women in the decision process toward the adoption of H2 solutions through the enhancement of their STEM skills.



The implementation of a storage system based on hydrogen within an integrated energy system would enable new organizational in-house tasks, leaving more freedom in the use of smart energy and empowering women in implementing their free time and developing an ungendered house space toward a balanced division of household tasks and maintenance. Furthermore, climate change impact will differently affect the north and the south of the world, and the vulnerability of women during the energy transition should be considered to protect these populations and supporting the unique values and virtues of women, to locally foster the energy transition and to lead toward increased women’s responsibility and communication roles in the energy market [29].



Given their role in the organization of social life and in fostering innovative solutions, both in developing and developed countries, albeit through different mechanisms, women’s inclusion in the development of hydrogen-related technologies will provide a more comprehensive view with regard to the exploitation of its storage potential in the overall reorganization of the daily and working life, thus possibly triggering an actual empowerment of women through an increase in their talent and skills (i.e., share in STEM) and their involvement in the energy chain decision making. The transition toward renewable energies, from their production to their use, seems to be a unique opportunity to foster women’s empowerment; furthermore, involving women might aid in fostering the transition process itself. Engendered energy policy might create enabling conditions and opportunities for energy transition in general and, at a lower scale, might facilitate project design and implementation [26]. Through the adoption of a sociotechnical approach, we propose explaining this potential of women in the energy transition and renewable-based technology adoption (such as for solid-state hydrogen storage systems) on the basis of the social innovation that they are able to trigger at the niche, regime and wider landscape levels. They can play a crucial role in triggering innovation in daily life (as explorers of new solutions), in the management of social life and (public and private) organizations, and in promoting the renovation of the cultural, political, and, in the long run, institutional frameworks (women as carriers of new values). Although a large body of scientific and gray literature, in addition to the policy plans at different governmental levels, allows supporting this general framework, an application to the specific context of solid-state hydrogen storage systems needs to be validated through the collection of primary data for a full comprehension of the dynamics that might support the exploitation of women’s potential for hydrogen development. Primary data, given the niche level of the current development of solid-state hydrogen storage systems, can only be built through careful case studies, which could provide evidence of women’s role at the micro level of the individual/household adoption of hydrogen-based solutions and at the meso level of their involvement in defining strategies for innovation in public and private organizations.
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Figure 1. CO2 emissions per electricity consumption in the world, Europe, Africa, and Asia [1]. 
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Figure 2. Flow of hydrogen, heat, and electricity during hydrogen production (a) and use (b). 
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Figure 3. Flowchart of the assessment procedure using the CALPHAD method. 
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Figure 4. (a) Schematic view of the domain with unstructured mesh used in the simulation. Temperature distribution in the bed during hydrogen absorption (b) and desorption (c) processes at different times (in seconds). 
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Figure 5. Stationary application of hydrogen storage using LaNi4.8Al0.2 as a carrier. (a) Schematic view of the hydrogen tank; (b) general view of the developed system. Details available in Rizzi et al. [142]. 
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Figure 6. Solid-state hydrogen tank, coupled with a HT-PEM FC to be used as an auxiliary power unit (APU) using a complex hydride as carrier. (a) Scheme of single vessel implementing the double storage materials concept (combi-tank); (b) assembly of 12 vessels in parallel to form the complete storage system; (c) general view of the developed system. Details available in Baricco et al. [162]. 
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Figure 7. Time for (a) production by an electrolyzer and (b) consumption by a fuel cell of 1 kg H2 as a function of power of the equipment. 






Figure 7. Time for (a) production by an electrolyzer and (b) consumption by a fuel cell of 1 kg H2 as a function of power of the equipment.



[image: Energies 14 06158 g007a][image: Energies 14 06158 g007b]







[image: Energies 14 06158 g008 550] 





Figure 8. Days of electric supply per capita as a function of the amount of hydrogen available, considering different social environments. 
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Table 1. Examples of intermetallic hydrides for solid-state hydrogen storage.
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	Composition
	A
	B
	Compounds





	A2B
	Mg, Zr
	Ni, Fe, Co
	Mg2Ni, Mg2Co, Zr2Fe



	AB
	Ti, Zr
	Ni, Fe
	TiNi, TiFe, ZrNi



	AB2
	Zr, Ti, Y, La
	V, Cr, Mn, Fe, Ni
	LaNi2, YNi2, YMn2, ZrCr2, ZrMn2, ZrV2, TiMn2



	AB3
	La, Y, Mg
	Ni, Co
	LaCo3, YNi3, LaMn2Ni9



	AB5
	Ca, La, Rare Earth
	Ni, Cu, Co, Pt, Fe
	CaNi5, LaNi5, CeNi5, LaCu5, LaPt5, LaFe5
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