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Abstract

:

The cost of the hydrogen value chain needs to be reduced to allow the widespread development of hydrogen applications. Mechanical compressors, widely used for compressing hydrogen to date, account for more than 50% of the CAPEX (capital expenditure) in a hydrogen refueling station. Moreover, mechanical compressors have several disadvantages, such as the presence of many moving parts, hydrogen embrittlement, and high consumption of energy. Non-mechanical hydrogen compressors have proven to be a valid alternative to mechanical compressors. Among these, electrochemical compressors allow isothermal, and therefore highly efficient, compression of hydrogen. On the other hand, adsorption-desorption compressors allow hydrogen to be compressed through cooling/heating cycles using highly microporous materials as hydrogen adsorbents. A non-mechanical hybrid hydrogen compressor, consisting of a first electrochemical stage followed by a second stage driven by adsorption-desorption of hydrogen on activated carbons, allows hydrogen to be produced at 70 MPa, a value currently required for the development of hydrogen automotive applications. This system has several advantages over mechanical compressors, such as the absence of moving parts and high compactness. Its use in decentralized hydrogen facilities, such as hydrogen refueling stations, can be considered.
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1. Introduction


According to the US Energy Information Administration, the breakdown of total world energy consumption by sector in 2018 was 33% for industry, 33% for transportation, 24% for the residential sector, and 10% for services [1]. In recent years, energy demand related to the transport sector has risen dramatically, from 26% in 2012 to 33% in 2018, and a further increase is expected. Globally, about 95% of vehicles currently use petroleum-based fuels, which partly explains the above-mentioned trend. Indeed, the demand for oil in industrialized countries, where the number of vehicles is growing exponentially every year, has increased from 56% to 72% during the last decade [2]. On the other hand, coal is expected to remain the predominant fuel for other energy applications, primarily power generation, for a long time to come. Nevertheless, the uncontrolled use of fossil fuels cannot continue indefinitely, due, at least, to environmental reasons and the need to fight climate change.



In addition, irreversible environmental issues will be inevitable if the global energy scenario continues to rely on fossil fuels for a long time. CO2 emissions have increased significantly in recent years, reaching 34 Mt per year, 40% higher than in 2010 [3]. The main consequence is the intensification of the greenhouse effect on our planet, and with it the increase in its average temperature. Indeed, Earth’s average temperature has increased by just over 1 K since 1880. Two thirds of global warming has occurred since 1975, at a rate of about 0.15–0.20 K per decade [4]. At this rate, global warming will be detrimental to ecosystems and human health, as infectious diseases will emerge due to the warmer and wetter environment.



For all the aforementioned reasons, the search for energy sources that could be both environmentally friendly and limitless is currently in great demand. The use of hydrogen as an energy vector fits perfectly into this framework, especially if it is produced from renewable sources. Indeed, hydrogen is a clean energy vector, and it is advocated as a serious candidate to replace fossil fuels, especially in the transport sector. Stationary hydrogen storage can also be envisaged as a guarantee of energy supply in the event of power grid failure or fluctuations in wind and solar energy. Indeed, the intermittency of renewable energy sources implies their storage in efficient and reactive storage systems, giving rise to the concept of smart grids. In this framework, power-to-hydrogen systems use expanding and inexhaustible renewable energy resources to power electrolyzers, producing hydrogen from water [5,6], thus reducing the load on the electricity grid and the risk of power outages [7]. Thus, electricity can be used to produce hydrogen by water electrolysis, and electrical energy can be produced by using hydrogen in fuel cell systems.



Since hydrogen is widely used in industry for the production of ammonia and the hydrogenation of petroleum products, the hydrogen sector, which includes production in decentralized facilities, storage and distribution, is already mature. However, the potential benefits of hydrogen as a fuel can be realized once storage methods are optimized and an efficient and safe distribution infrastructure is in place. In this context, the storage of hydrogen requires its compression. Mechanical compressors (piston, diaphragm, linear, and ionic liquid compressors), which are universally used for the compression of all gases, are not very suitable for the specific case of hydrogen. Research on new compression technologies, such as non-mechanical hydrogen compressors (metal hydrides, electrochemical, and adsorption-desorption compressors) is thus highly demanded, particularly with regard to the development of decentralized infrastructure for the production and use of hydrogen in situ.




2. Hydrogen as a Fuel


Hydrogen could play a key role in this critical scenario, as it could promote the development of new, innovative, and environmentally friendly solutions for energy use, which could lead to a transition towards divestment from fossil fuels [8]. Hydrogen has the highest gravimetric energy density among all non-nuclear fuels, i.e., 33 kWh kg−1 (based on the net calorific value). In comparison, the gravimetric energy density of gasoline is 13 kWh kg−1, which is three times less than that of hydrogen. Nevertheless, the density of hydrogen is very low and equal to 0.089 g L−1 at 298 K and 1 atm. This means that hydrogen exhibits the lowest volumetric energy density among the commonly used fuels, i.e., 0.003 kWh L−1 (compared to around 10 kWh L−1 for gasoline). Therefore, the realization of an efficient and practical hydrogen storage system is a significant challenge. Approximately 11,000 L would be required to store 1 kg of hydrogen or 33 kWh of energy. On the contrary, 1 kg of gasoline is stored in a volume of 1.3 L under the same conditions (considering a density of 775 g L−1), which is four orders of magnitude less than what is expected for hydrogen. Several ways of increasing the volumetric energy density of hydrogen are currently available, and will be discussed in the next section.



The only reaction product of hydrogen combustion in air is water, which is one of the most important advantages over fossil fuels in terms of environmental impact. The hydrogen diffusion coefficient in air, 0.62 cm2 g−1, is four times higher than that of natural gas. As a result, hydrogen dilutes very quickly in air, which is undoubtedly a safety advantage. Similarly, hydrogen flames are extinguished faster than those of gasoline or natural gas because hydrogen has a relatively high laminar flame velocity compared to other fuels (265–325 cm s−1). However, the flammable limits for the percentage by volume of hydrogen in air at atmospheric pressure are 4% and 75%. In addition, hydrogen–air mixtures can ignite with a very low energy input, of one-tenth that required to ignite a gasoline–air mixture.



Hydrogen is the most abundant element in the universe, but its exhaust velocity is so high that it is not retained in the Earth’s atmosphere. However, underwater exudations of natural hydrogen have recently been discovered, as well as the existence of geological structures from which large flows of natural hydrogen are released. Despite this, hydrogen used in the industrial sector is currently produced from fossil and renewable sources by various synthesis methods (Figure 1). The most widely used methods, based on mature technologies, are steam reforming of natural gas and partial oxidation of hydrocarbons. Nevertheless, these methods also produce large amounts of greenhouse gases and are therefore not environmentally friendly [9]. For this reason, methods for producing hydrogen from renewable sources have been developed in recent years, making a significant contribution to sustainable development. Among these, water electrolysis has proven to be a valid solution, since it allows the production of hydrogen from water [10]. Whenever electricity is available at low cost, water electrolysis is already used worldwide for industrial applications of a few MW. However, the production of hydrogen by water electrolysis costs about USD 4–8 kg−1 (for the specific case of polymer electrolyte membrane technology), which is around four times more expensive than the steam reforming method, i.e., USD 1.3 kg−1 [11]. Hydrogen production from biomass through supercritical water gasification and fermentation processes is also considered a sustainable alternative to hydrogen synthesis from fossil fuels [12,13]. However, the hydrogen production cost, about USD 3.5 kg−1 for a biomass price of USD 100 tons−1, is still too high to represent a real alternative to steam reforming [14]. Solar energy is also another sustainable and environmentally friendly way to produce hydrogen [15,16,17,18]. Solar-driven high-temperature steam electrolyzers were found to produce pure hydrogen with a rate of 1.2 g s−1, with an efficiency of around 25% [16]. Renewable hydrogen can also be generated by solar-driven water splitting. However, the search for stable and efficient photoelectrodes with reasonably higher photocurrent densities is required before commercialization [19].



According to statistics reported by the International Energy Agency, approximately 70 Mt of hydrogen are produced worldwide each year [20], of which 96% is produced from fossil fuels. The lowest cost of hydrogen production, USD 1.3 kg−1, is obtained by steam reforming of natural gas. This value is not significantly different from the production cost of liquid fuels used today, such as gasoline (the average global price of gasoline in May 2020 was USD 0.92 L−1 [21]). This low cost is due to the fact that 55% of the hydrogen is produced to synthesize ammonia in a very mature process that has been used for 100 years [22].



The biggest drawback of the hydrogen value chain is in the storage, transportation and distribution stages, which increase the price of hydrogen at the pump to USD 8–10 kg−1 [23]. Indeed, the hydrogen refueling station, including storage systems, can account for more than 75% of the final hydrogen pump price [24].




3. Hydrogen Storage for Automotive Applications


The low volumetric energy density of hydrogen is a critical feature in automotive applications. Indeed, hydrogen vehicles will have to represent a concrete alternative to conventional internal combustion engine vehicles to allow global commercialization. This means that at least 5 kg of hydrogen must be stored to cover a distance of 500 km; hence, only a tank volume of 61,000 L may allow this at 298 K and 1 atm. Nevertheless, technical solutions to reduce this huge volume exist, as discussed below.



3.1. Compressed Hydrogen Tanks


Compression is the most widely used methods to allow efficient storage of hydrogen, although it is not the cheapest approach [25]. The main effect of gas compression is to increase its density. Indeed, a density of 42.9 g L−1 is obtained by compressing hydrogen to 70 MPa and 298 K, which results in an increase in density of four orders of magnitude compared to the density at ambient conditions. Hence, 1 kg of hydrogen can be stored in a volume of approximately 23 L under the above-mentioned conditions. There are already hydrogen vehicles equipped with 70 MPa pressure tanks [26], which are capable of covering a distance of 500 km with 5 kg of hydrogen on board.



High-pressure hydrogen storage requires special tanks, which can both withstand hyperbaric conditions and prevent metal embrittlement by the hydrogen molecules. To this end, four different types of high-pressure tanks are currently used. The performance of a high-pressure tank is usually expressed by the performance index [27], i.e., the product pressure × volume × mass−1 (Figure 2). Type IV tanks are the most widely used to store hydrogen at very high pressure, as they ensure the best performance [28]. These tanks are made of carbon fiber, which reduces the weight of the storage system. Furthermore, a polymer inner lining prevents leakages. The cost of a type IV tank is around USD 14.75 kWh−1 when considering a manufacturing rate of 500,000 tanks per year [29]. On the contrary, types I and II are metal tanks and their use on-board is therefore difficult to envisage due to their high weight. Finally, type III tanks are made of composite materials, with an inner lining of aluminum, which makes them heavier than type IV tanks.



Although compression has proven to be an efficient solution for the storage of hydrogen, it has to be taken into account that it requires energy to take place. Therefore, 5% and 15% of the energy of hydrogen is consumed when it is compressed at 35 MPa and 70 MPa, respectively [30]. Thus, the amount of energy required increases with the pressure. This means that an energy cost equal to 5 kWh is required to compress 1 kg of hydrogen to 70 MPa, whereas the gravimetric energy density of hydrogen is 33 kWh at atmospheric pressure.




3.2. Liquid Hydrogen


The density of liquid hydrogen, i.e., 70.8 g L−1 at atmospheric pressure, is 40% higher than compressed gaseous hydrogen at 70 MPa, further reducing the size of the storage system. Indeed, 1 kg of liquid hydrogen is stored in a volume of 13.6 L, whereas it takes 23 L to store the same amount of gaseous hydrogen at 70 MPa. Nevertheless, special tanks are required to store liquid hydrogen at 20 K, as they must provide efficient thermal isolation to minimize losses due to hydrogen evaporation. Such losses are estimated to be about 1–5% per day [31]. Cryogenic tanks are made of an inner and outer lining, comprising an empty layer and several aluminum sheets alternated with glass fibers to prevent heat transfer, including radiation. Heat transfer within a cryogenic tank can also be minimized by increasing the volume-to-surface ratio, as in the case of spherical tanks. Evaporation of hydrogen causes an increase in pressure inside the cryogenic tank, and thus requires depressurization procedures by periodic evacuation. Therefore, additional hydrogen losses have to be taken into account [32].



Liquid hydrogen tanks can store approximately 8 kg of hydrogen in volumes of 120 L. However, the production of liquid hydrogen is quite expensive. Around 10 kWh kg−1 are required to liquefy hydrogen, i.e., 30% of the hydrogen chemical energy [33]. In addition, the capital expenditure (CAPEX) of industrial plants for hydrogen liquefaction is relatively high. A significant reduction in this cost could be achieved by increasing the production of liquid hydrogen from the current capacity of 5 tons per day to 150 tons per day [34] in the framework of centralized production.




3.3. Solid Storage in Metal Hydrides


Large hydrogen storage capacities, even higher than those generally obtained with compressed or liquefied hydrogen, can be achieved by absorption of hydrogen in metal hydrides. Indeed, up to 100 g of hydrogen per L can be stored in metal hydrides (in the specific case of MgH2), whereas 8.3 g per L and 70.8 g per L can be stored by compression at 15 MPa and liquefaction, respectively [35].



The storage of hydrogen in metal hydrides occurs by absorption, i.e., a volume phenomenon that involves the formation of chemical bonds between the hydrogen molecules and those of the substrate (chemisorption). Hydrogen storage capacities up to 7.6 wt.% have been obtained with Mg-based hydrides, e.g., MgH2 [36]. Furthermore, the kinetics of hydrogen absorption and desorption reactions in metal hydrides have been shown to be fully reversible [37]. Nevertheless, very high temperatures, even above 573 K, may be required to cause hydrogen desorption, which is one of the main disadvantages of hydrogen storage in metal hydrides [38]. The United States Department of Energy (DOE) has established that hydrogen storage capacities equal to or greater than 6.5 wt.% must be provided by a metal hydride system. This value takes into account both the weight of the storage material and that of the entire system, which comprises all supporting components and auxiliary systems. Hence, systems based on metal hydrides are unlikely to meet this target at present. Moreover, desorption temperatures between 333 and 393 K are demanded to consider the metal hydrides storage systems for commercialization [39]. Such a high desorption temperature is due to the high binding energy between the hydrogen and metal atoms, which can reach 60–100 kJ mol−1 [40]. In addition, absorption and desorption kinetics can be slow, with desorption times that can exceed 60 min (e.g., in the case of Mg-Al2O3) [36].



Intermetallic hydrides of the AB5 composition (with A = rare earth metal and B = Ni or Co) have shown excellent performance as reversible chemical storage media of hydrogen gas. Particularly attractive behaviors were found for LaNi5H6.7, as it is formed at pressures slightly above atmospheric pressure with a desorption temperature close to 293 K [41]. Nevertheless, the virtually achievable reversible hydrogen storage capacities of most intermetallic hydrides do not exceed 2 wt.% (1.5 wt.% for AB5 hydrides, 1.8 wt.% for AB2, and 2 wt.% for BCC alloys [41]). Since metal hydrides are relatively heavy, the weight ratio of stored hydrogen to the total storage system can be as low as 1–3% [42]. In addition, hydrogen absorption in metal hydrides is an exothermic phenomenon, which requires efficient cooling of the entire tank. Despite these latter drawbacks, hydrogen storage in metal hydrides remains particularly advantageous in terms of safety. Indeed, the hydrogen pressure inside a metal hydride tank is generally much lower than that reached in pressurized tanks, thus minimizing the risk of leaks [43]. For this reason, hydrogen storage in metal hydrides has proven to be an appropriate solution for short-distance vehicles such as scooters, golf carts, and electric bikes. Moderate quantities of hydrogen are required in this case, thus metal hydrides with low desorption temperature, such as the Ti-based hydrides (AB2-type) are a suitable solution [44]. Furthermore, metal hydride storage systems are very compact, making them even more suitable for short distances. For the storage of hydrogen on board fuel cell vehicles (FCV), “distributed hybrid hydrogen storage vessels” have recently been proposed, in which hydrogen is stored both in hydride materials and in pressurized tanks [45]. The hybrid concept benefits from both a higher storage capacity than its single metal hydrides counterpart and better thermal management. Moreover, it is more flexible and ensures a quick response to transient working conditions (such as acceleration or vehicle start-up).




3.4. Solid Storage in Microporous Materials


Hydrogen can interact with the surface of several microporous materials through weak Van der Waals forces, forming a monolayer. The interaction energies involved are very low, of the order of 0.01–0.1 eV [46], which means that no chemical bonds are generated between the hydrogen molecules and the surface of the microporous materials. This interaction is a completely reversible process, also known as “physisorption”. Several materials have been shown to have increased adsorption capacities, such as carbon-based materials (i.e., activated carbons, carbon nanotubes, and fullerenes), zeolites, metal organic frameworks (MOFs), and certain types of polymers [47,48,49,50,51]. Physisorption allows large hydrogen storage capacities to be reached. Indeed, it is generally assumed that the density of adsorbed hydrogen can be approximated to the density of liquid hydrogen, i.e., 70 g L−1, when the temperature is lowered to 77 K [52]. Hence, the use of adsorption on microporous materials instead of pure compression would give a volume gain of around 22% to the hydrogen storage system [53]. This advantage can be achieved in particular in the pressure range from 5 to 20 MPa [54].



The amount of hydrogen adsorbed on microporous materials is approximately proportional to their specific surface area, i.e., their micropore volume, but also depends on the size distribution and average width of the micropores [55]. A considerable hydrogen storage capacity of 9.9 wt.% at 77 K and 5.6 MPa has been measured for a MOF called NU-100 (Northwestern University 100) with a Brunauer, Emmett, and Teller (BET) area of 6143 m2 g−1 and a total pore volume of 2.82 cm3 g−1 [56]. This is one of the highest values ever achieved for hydrogen adsorption. It has also been shown that carbon adsorbents, especially activated carbons, have relatively high hydrogen adsorption capacities, on average 7 wt.% at 77 K and 4 MPa [57]. These values are higher than the gravimetric hydrogen storage recommended by the DOE for automotive applications, i.e., 5.5 wt.% by 2025 [39,58]. Nevertheless, not only the weight of the adsorbent but also the weight of the whole system must be taken into account. Moreover, the DOE recommends meeting such capacities in the temperature range of 233 to 358 K. This means that the DOE target remains difficult to achieve at room temperature, although hydrogen storage capacities can be improved by doping with metallic nanoparticles and heteroatoms [59,60,61].





4. The Hydrogen Value Chain


After being produced and before being used, hydrogen is packaged, distributed, stored, and delivered. The most complex issues requiring solutions are mainly related to these last two steps [62]. Indeed, the development of an efficient hydrogen supply chain has to take into account the energy lost between the source and the end user, in particular during transport and distribution. To date, there are two main ways to enable hydrogen distribution: centralized and decentralized (Figure 3).



4.1. Centralised Hydrogen Distribution


When hydrogen is produced in large industrial facilities, it can be compressed in situ and then distributed to users. In this scenario, hydrogen can be distributed in two ways: (i) through pipelines or (ii) stored in high-pressure tanks delivered by trucks.



Pipeline distribution of hydrogen is adopted primarily when hydrogen is produced in large industrial facilities from fossil fuels, for example, through the steam reforming of natural gas, which is the cheapest method for hydrogen production today and the most widely used when large quantities of hydrogen are required. Approximately 200,000 Nm3 h−1 are typically produced by an industrial facility for steam reforming of natural gas [63]. Recently, hydrogen has also been produced by electrolysis in industrial facilities located near power plants, resulting in a few hundreds of Nm3 h−1 of hydrogen [64]. To date, approximately 4500 km of pipelines are used to distribute hydrogen worldwide, half of which are in the United States (Figure 4) [65]. The installation of hydrogen pipelines requires a very high capital cost. Therefore, this solution has been proven only suitable for small to medium distances. In addition, the distribution of hydrogen through pipelines is undoubtedly less efficient than the distribution of methane. In order to compensate for pressure losses, the gas distributed through pipelines must be compressed at regular intervals. Thus, the energy required to compress the gas depends only on its volume and the pressure to be reached. Nevertheless, the energy recovered during the subsequent use of the gas is different. Indeed, 1 m3 of methane has an energy content of 9.89 kWh, whereas the same volume of hydrogen has 3 kWh. This means that the energy to be spent on hydrogen distribution through pipelines is three times higher than that spent on methane, for a desired amount of energy recovered [66].



Hydrogen can also be stored in high-pressure tanks delivered by trucks. In general, hydrogen is compressed to 25 MPa and then stored in tubes grouped in several packages. Normally, each group contains nine tubes, each with a volume of up to 2000 L [67]. This solution is particularly suitable when hydrogen has to be delivered to small hydrogen refueling stations, which are not served by the pipeline network. The tubes are usually made of metal; hence, they are type I high-pressure tanks (Figure 2). As mentioned earlier, very high pressures cannot be achieved using type I tanks. Therefore, the DOE’s goal is to produce large type III or type IV tanks, e.g., polymer tanks, to allow hydrogen storage at higher pressures, i.e., storage of larger quantities [68]. It has been shown that the cheapest way to store and deliver hydrogen is by compression and truck delivery, particularly for small hydrogen refueling stations and low demand [69]. However, transporting hydrogen is probably a dangerous solution. Although the probability of an accident is not greater than that of any other vehicle travelling on the same road, the risk of ignition of hydrogen-rich gas mixtures that may form near a leak remains an important issue to consider. Indeed, the minimum energy to ignite a stoichiometric hydrogen–air mixture is 0.02 mJ at 298 K and 1 atm. The presence of moving parts close to any leak can be a dangerous source of ignition. Despite this drawback, several safety measures are adopted to minimize the risk of ignition as much as possible. These include the use of a concrete liner to further reduce the risk of leakage.




4.2. Decentralized Facilities


A second scenario in the hydrogen value chain, which has attracted significant attention in recent years, is based on small and medium-sized facilities, where hydrogen is produced, stored, and distributed in situ at the same location. A good example is a hydrogen refueling station, designed to power a small number of fuel cell vehicles. Decentralized hydrogen production facilities typically supply a limited amount of hydrogen per day. Hydrogen can therefore be produced by electrolysis of water, resulting in production volumes of a few hundred Nm3 h−1. This is an important advantage since electricity is supplied to the hydrogen refueling stations, and water electrolysis is carried out directly on site. Indeed, electricity is much easier to transport than gas, thanks to the significant presence of high-voltage grids and distribution networks around the world. For instance, the high-voltage network in France covers a distance of more than 100,000 km, whereas the low and medium-voltage lines used for the distribution of electricity to users have a cumulative length of approximately 1.3 million kilometers [70].



For water electrolysis, three technologies are currently available: (i) alkaline water electrolysis (AEL); (ii) solid polymer electrolyte electrolysis (SPEL); and (iii) solid oxide electrolysis (SOEL). AEL uses concentrated liquid alkaline solutions of KOH or NaOH as electrolyte, and non-noble metals such as nickel as electrodes. Alternatively, SPEL relies on the use of proton or anion exchange membranes (PEMs/AEMs) as electrolyte, i.e., solid acids or lyes conducting protons or hydroxide ions, respectively. In PEM electrodes, only a catalyst based on the expensive platinum group can achieve good performance, whereas low-cost transition metal catalysts can be used for AEM electrolysis. Thus, both AEL and SPEL can operate between 323 and 353 K. On the other hand, SOEL uses ceramic materials as electrolyte and mixed ionic-electronic conductors (MIECs), such as A2MO4 oxides (A = rare earth, alkaline earth; M = transition metal), as electrodes. Despite several advantages, such as their flexibility and reversibility in electrolysis and fuel cell modes, this technology still faces some challenges to become economically competitive in the market. Indeed, SOEL operates at temperatures above 873 K, which promotes the degradation phenomena of the ceramic materials [71,72]. AEL has proved to be a key technology for large-scale hydrogen production powered by renewable energy [73]. The investment costs for AEL are from USD 800 to 1500 kW−1, whereas a higher cost between USD 1400 and 2100 kW−1 is necessary for the SPEL. Moreover, the lifetime of AEL is longer than that of SPEL (90,000 h vs. 20,000 h) [74]. Nevertheless, PEM water electrolysis is more efficient over a broader dynamic load range than AEL, especially due to the shorter start-up time and the lower footprint [74,75]. Thus, over the last five years, PEM systems with a power of several hundred kW or even MW have started to appear, corresponding to hydrogen production rates of around 10 to 20 kg h−1, [11]. In addition, high-pressure hydrogen can be produced by PEM water electrolysis with a high efficiency of about 70%. In fact, such a system allows the production of hydrogen at a pressure as high as 5 MPa, whereas AEL is limited to 3 MPa [76]. In the framework of automotive hydrogen applications, where hydrogen has to be compressed to 70 MPa anyway, this is an important advantage to reduce costs further. Water electrolyzers have been tested on a large scale, with a hydrogen production rate of 1 Nm3 h−1 and operating pressures up to 13 MPa [77,78]. Even though hydrogen can evolve at high pressure under isothermal conditions during water electrolysis, hydrogen permeation through the electrolyte increases with operating pressure, resulting in a loss of efficiency and safety risks [79].



In this context, hydrogen can only be defined as an environmentally friendly fuel if the electricity required for the operation of water electrolysis is produced by renewable sources, such as wind or solar energy (Figure 5). However, the potential benefits of this solution can only be realized after significant improvements in photovoltaic and wind power systems. The current price of hydrogen at the pump at a refueling station equipped with a renewable energy electrolyzer is approximately USD 17 kg−1 in Europe and USD 12.5 kg−1 in the United States [80,81]. This is significantly higher than the average pump price of gasoline, which is USD 2 kg−1 [82]. This large difference is mainly due to the cost of producing hydrogen. In the case of wind turbines, the cost of producing hydrogen by electrolysis can range from USD 8 kg−1 to USD 30 kg−1, depending on turbine and electrolyzer technology used [83]. Despite the high cost, several hydrogen refueling stations powered by renewable sources are already operational globally. In France, the FaHyence hydrogen refueling station produces about 40 kg of hydrogen per day, which can power 20–25 hydrogen vehicles daily [84].



In the case of decentralized facilities, the local hydrogen economy is generally penalized by higher investment costs, lower annual utilization rates, and higher electricity prices than in the case of centralized production [24], which explains why decentralized hydrogen refueling stations have not yet achieved economic profitability. Indeed, the total cost of a hydrogen refueling station can be as high as USD 3.2 million [85], which means that significant hydrogen production is required to recoup the investment. A reduction in the above cost can be achieved by increasing the efficiency of water electrolyzers, which is currently about 60% [74].





5. Hydrogen Compression


Hydrogen compression is a critical step in the hydrogen value chain. In the case of its centralized production by large industrial facilities, hydrogen is compressed close to the production site, i.e., before being distributed by pipelines or by tube trailers. On the other hand, when hydrogen is produced in situ in decentralized facilities, a compression system is placed downstream of the electrolyzer.



The use of large-scale technologies operating at high pressures allows hydrogen to be supplied at medium pressure, thus reducing both the compression work and the cost of compressing up to 70 MPa. As mentioned in Section 4.2, PEM water electrolysis has proved to be a key technology for the large-scale hydrogen production at medium pressures. Salt cavern storage is also another promising technology for high-pressure hydrogen storage due its low investment cost, high sealing potential, and low cushion gas requirement. Underground hydrogen storage is not significantly different from underground storage of natural gas. Thus, they are less susceptible to fire and have a relatively smaller surface facility than traditional storage tanks, which facilitates their integration in the landscape and existing infrastructure [86]. With a storage volume of 580,000 m3, the salt cavern of Clemens Dome (TN, USA) allows hydrogen storage up to 13.5 MPa, whereas the one in Moss Bluff (USA), with a storage volume of 566,000 m3, allows even higher pressures (15.2 MPa) [87]. In Europe, there are also suitable salt caverns that could be used for underground hydrogen storage, with a virtual storage volume of up to 750,000 m3 [88]. Despite the aforementioned advantages, geological, technological, economic, legal, and social obstacles have to be overcome before full-scale underground hydrogen storage can be implemented. Hence, the lower cost of hydrogen production through PEM water electrolysis will be the decisive factor for the implementation of this method of hydrogen storage on an industrial scale [86].



Hydrogen compression remains therefore a fundamental part of the hydrogen value chain at present. To date, mechanical compressors are the most widely used devices for compressing hydrogen. Mechanical hydrogen compressors rely on a very mature technology, and are used in particular when high flow rates of hydrogen have to be processed, in the order of thousands of Nm3 h−1 [89]. Several types of mechanical hydrogen compressors are available today. However, mechanical compressors have several drawbacks, making it necessary to look for alternative compression systems, which may be advantageous from both a technical and economic point of view.



5.1. Mechanical Hydrogen Compressors


Although mechanical compressors are widely used to drive the compression of several gases, they are not appropriate in the specific case of hydrogen. In addition, they do not yet meet the safety and reliability criteria necessary for their use, either in semi-industrial applications or at the level of the general public [90]. The main reason for this is that hydrogen tends to leak through the moving seals of mechanical compressors. This sealing problem inevitably implies a significant reduction in the potentially achievable efficiency. Moreover, hydrogen is easily absorbed by metals, causing embrittlement phenomena that can affect the mechanical performance of materials [91].



Mechanical compressors, such as reciprocating compressors, have several moving parts. Indeed, hydrogen compression is driven by the movement of several pistons, linked to a crankshaft, which, by means of a connecting rod, converts the linear movement of the pistons into a continuous rotational movement. Reciprocating compressors therefore have a high degree of structural complexity, which is undoubtedly a drawback. First of all, this involves a high maintenance cost, due to the presence of a high number of gears and valves, and the piston-crankshaft-connecting rod described above. The maintenance cost of mechanical compressors is estimated at 5% of the total investment cost per year [92]. In addition, lubricating oils have to be used to reduce any friction between the different moving parts, with the risk of hydrogen contamination [93]. Noise and vibration from moving parts must also be taken into account. Additionally, the latter is a problem for the environment of the compressor, especially in terms of workers’ health. Finally, reciprocating compressors are not a suitable choice when high compression ratios are demanded, e.g., to compress hydrogen from 0.1 to 10 MPa. This is because the size of the cylinders may be too large, preventing efficient cooling of the hydrogen during compression. This leads to an increase in the heat produced and makes it more difficult to manage the heat transfer [94].



Diaphragm compressors avoid the use of lubricating oils. In these devices, the hydrogen is completely isolated from the piston. Indeed, the movement of the piston is transmitted to a hydraulic fluid, which in turn transmits the movement to a thin membrane called a “diaphragm”, which isolates the compression chamber from the hydraulic part. Diaphragm compressors are particularly suitable for applications requiring low flow rates, because too high flow rates can lead to premature diaphragm failure, and also because of the limited volume of the compression chambers commonly used [95,96]. On the other hand, ionic liquid compressors have been specifically developed to increase the compression efficiency in the case of hydrogen. Ionic liquids can replace the solid piston for compressing hydrogen because of their intrinsically low vapor pressure, excellent tribological behavior, and negligible solubility of hydrogen in these liquids [97,98,99,100]. Ionic liquid compressors have been proven to be the best solution for the mechanical compression of hydrogen. These devices are capable of compressing hydrogen from 0.5 MPa to 100 MPa in only five steps and with a specific energy consumption of about 2.7 kWh kg−1, which is almost 25% of the specific energy consumption of a reciprocating compressor [101]. Moreover, ionic liquid compressors also have a very high efficiency of about 70% [102].



Although reciprocating compressors are most commonly used for hydrogen applications, centrifugal compressors are also an option. Indeed, a reciprocating compressor costs about 50% more than a centrifugal compressor [103]. The design of a centrifugal compressor is a multidimensional engineering task, since such a compressor is subject to a multitude of aerodynamic, thermodynamic, rotor dynamic, and mechanical parameters that are mutually interconnected and whose constraints largely determine the machine design [104]. Hydrogen centrifugal compressors consist of a succession of impellers that increase the hydrogen pressure. The case sections are then customarily connected in tandem to a common drive shaft [105]. Unlike reciprocating compressors, the compression ratio depends largely on the molecular weight of the gas in a centrifugal compressor. Indeed, the head of a centrifugal compressor is designed to increase the kinetic energy of the gas, which is then converted into pressure energy in the diffuser. Because of the low molecular weight of hydrogen, centrifugal compressors need tip-speeds that are around three times higher than those used for natural gas. Moreover, the aforementioned high-speed and purity requirements pose problems of seal design, contamination, vibration, and rotor dynamics [106]. Furthermore, because of its low specific gravity, hydrogen tends to return to the inlet, which reduces the efficiency of the centrifugal compressor. Thus, the impellers are easily subject to failure [107].



Although several types of mechanical devices for hydrogen compression exist and are available on the market, several of their disadvantages have to be taken into account. Beyond the drawbacks related to embrittlement phenomena mentioned above, contamination by lubricating oils, structural complexity, and maintenance difficulty, mechanical compressors normally consume between 5 and 15% of the energy stored by hydrogen. Additional problems arise when considering the installation of mechanical compressors in decentralized facilities, such as hydrogen refueling stations. This is because mechanical compressors are relatively large and can therefore take up a lot of space. Nevertheless, the major shortcoming of mechanical hydrogen compressors has to be addressed: their high cost. If hydrogen production is not taken into account, mechanical compression of hydrogen dominates the distribution of costs in a decentralized facility. Indeed, it is responsible for 54% of the CAPEX, 28% of the total energy consumption, and 18% of the operating and maintenance expenditure (OPEX) of a hydrogen refueling station [108]. Furthermore, the purchase price of a mechanical compressor is in the order of several hundred thousand dollars [109]. Therefore, the compression of a large amount of hydrogen must be carried out in order to amortize this cost.




5.2. Non-Mechanical Hydrogen Compressors


5.2.1. Metal Hydride Compressors


Non-mechanical hydrogen compressors have several advantages over mechanical compressors, including: (i) no moving components; (ii) quiet operation; (iii) high reliability and safety; and (iv) structural simplicity and greater compactness.



Of all non-mechanical hydrogen compressors, metal hydride compressors have attracted significant attention in recent years. They are thermally driven compressors because they use the properties of hydride-forming metals, alloys, or intermetallic compounds to absorb and desorb hydrogen simply by heat and mass transfer in the reaction system. Hydrogen absorption occurs at low temperature and lasts until the equilibrium pressure is equal to the feed pressure. When the metal hydride is heated, the hydrogen is desorbed and released at a higher pressure [110]. Metal hydride compressors are thoroughly described elsewhere [111]. No moving parts are present in a metal hydride compressor, which prevents the use of lubricating oils as needed in the case of mechanical compressors. However, this technology is limited both by the performance of the hydrides used and by heat management. Indeed, a multi-stage configuration is required to allow hydrogen compression up to 70 MPa [112]. This means that different types of metal hydrides have to be used in series, so that the desorption pressure of the first stage at high temperature can be slightly higher than the absorption pressure of the next stage at low temperature. In this way, the hydrogen is progressively compressed. Despite this, high desorption temperatures must be used in order to achieve high discharge pressures. To date, the average desorption temperature in metal hydride compressors is typically about 573 K, which significantly reduces efficiency by up to 10% [111]. Nevertheless, if the discharge pressure of a metal hydride compressor is sufficiently low, its cost may be lower than that of a mechanical hydrogen compressor operating at the same compression ratio [113].




5.2.2. Electrochemical Compressors


Based on the same principles as proton-exchange membrane fuel cells (PEMFCs), the electrochemical hydrogen compressor (EHC) has proven to be the most appropriate choice when hydrogen compression by a convenient, compact, cheap, and high-efficiency system is required [114]. Low-pressure hydrogen is fed to the anode of an electrochemical cell consisting of two electrodes, a polymer membrane, and gas diffusion layers. Here, the hydrogen is oxidized (Figure 6), thus splitting into protons and electrons, while electrical energy is supplied to the system. While the electrons follow the external electric circuit driven by a power supply, the protons pass through the polymer membrane to the cathode, where the hydrogen reduction reaction takes place. Hence, molecular hydrogen is produced there. The use of a backpressure regulator allows a flow of hydrogen at the desired discharge pressure. It is important to highlight that, unlike PEMFCs, the cathode of an EHC is blocked, i.e., no air is introduced. EHC requires very efficient core materials [115]. Nafion® is generally used as a membrane for EHCs [116]. Indeed, Nafion® offers high proton conductivity (0.13 S cm−1 at 348 K and 100% relative humidity), durability above 60,000 h, and high chemical stability [117]. Membrane-electrodes assemblies (MEA) are used to speed up the electrochemical process, in which metal nanoparticles, especially platinum, are dispersed in a solid electrolyte matrix in a similar way as PEMFCs, because of their excellent catalytic properties [118].



The compression mechanism described above is purely electrochemical, so that no moving unit is needed to drive it. This translates into a very high efficiency, up to 60% [119]. Furthermore, the EHC provides isothermal compression of hydrogen, which requires a lower energy demand compared to a polytropic or adiabatic process [120], and very high discharge pressures can be reached, even up to 100 MPa [121]. Despite all of these advantages, the efficiency of an EHC decreases considerably as the discharge pressure increases. Indeed, the permeation of molecular hydrogen through the PEM from cathode to anode increases linearly with the pressure difference over the EHC [122], reducing the amount of high-pressure hydrogen at the outlet of the EHC. This phenomenon is also known as “back-diffusion”. For this reason, the use of EHC was found to be more appropriate for low-pressure applications, such as power-to-gas or as a pump for hydrogen recirculation in fuel cell vehicles [123], as well as in high-pressure hybrid systems where the EHC performs a first pre-compression stage [124,125]. In addition, the EHC can also function as a purifying device, which is an important advantage when hydrogen is mixed with other gases, e.g., in H2-CH4 hythane mixtures [126]. Compared to other conventional means of hydrogen purification and compression, the EHC combines low energy cost, high H2 recovery and purity, low maintenance, low cost, and low operating temperature [127].




5.2.3. Adsorption–Desorption Compressors


The adsorption of hydrogen on nanotextured materials, thus having both a high specific surface area and microporosity, has been studied in depth in the context of hydrogen storage in solids, as shown in the previous sections. In addition, hydrogen physisorption on microporous materials can be exploited to drive hydrogen compression, which represents a new and innovative way of compressing hydrogen in a non-mechanical way, and is therefore worth exploring.



An adsorption–desorption compressor is a thermally driven compressor, just like metal hydride hydrogen compressors. Therefore, hydrogen compression comes from thermal cycles consisting of progressive cooling and heating stages. Hydrogen adsorption is initially carried out at cryogenic temperatures. Indeed, the density of adsorbed hydrogen increases considerably as the temperature of the system is lowered. It is generally assumed that the density of the adsorbed hydrogen can be approximated to the density of liquid hydrogen [128,129]. Some authors have even observed a behavior similar to that of solid hydrogen in the adsorbed phase [130]. Hence, hydrogen adsorption is generally carried out at 77 K, i.e., at the temperature of liquid nitrogen, which is easy to achieve from an industrial point of view. Under these conditions, the density of the adsorbed hydrogen is thus equal to 70.8 g L−1.



Hydrogen compression comes from the desorption of the pre-adsorbed amount of hydrogen. This is because hydrogen passes from the adsorbed phase, which is denser, to the bulk phase in a confined tank volume when the temperature rises. This can be done by removing the Dewar vessel filled with liquid nitrogen, where the compression tank is initially placed to drive the adsorption, thus leaving the tank at room temperature. Alternatively, a cooling system can be designed and placed inside the tank, in contact with the microporous adsorbent material, to manage better temperature gradients (Figure 7). In addition, microporous materials with high thermal conductivity should be used in order to increase the kinetics of adsorption and desorption. For instance, activated carbons, which have been shown to be well suited for hydrogen adsorption with their many advantages [47], have an average thermal conductivity of about 0.2 W m−1 K−1 [131], which may decrease the efficiency of the adsorption–desorption compressor. Nevertheless, the use of composite adsorbents, such as mixed powders of flexible graphite and activated carbon, can increase the effective thermal conductivity of the porous bed [132].



The adsorption–desorption compressor has all of the common advantages of non-mechanical compressors. Indeed, even if this technology is still too new to allow an accurate assessment of its performance and costs, the absence of moving parts undoubtedly contributes significantly to the reduction of installation and maintenance costs compared to mechanical compressors.





5.3. Overview of Costs and Efficiency


The US Department of Energy (DOE) has identified some targets to boost the widespread use of hydrogen compressors [133]. Specifically, referring to a device compressing hydrogen from 10 to 87.5 MPa, these targets are:




	
uninstalled cost of the compressor system: USD 275,000



	
specific energy consumption: 1.6 kWh kg−1



	
annual maintenance costs: 4% of the uninstalled costs.








The capital cost of a mechanical compressor averages USD 170,000 [134], whereas the OPEX is estimated at 5% of the capital cost per year [109]. While these costs are quite in line with DOE’s targets, the efficiency of a conventional mechanical hydrogen compressor is relatively low, around 45% [135]. Higher efficiencies (around 70%) can be obtained with an ionic liquid compressor. Indeed, such devices are able to compress hydrogen from 0.5 to 100 MPa in only five steps and a specific energy consumption of around 2.7 kWh kg−1—almost 25% of the specific energy consumption of conventional mechanical compressors [101].



There are several advantages of using a metal hydride compressor rather than a reciprocating compressor. According to a recent study on systems compressing hydrogen from 0.7 to 25 MPa [134], the CAPEX of a metal hydride compressor is around USD 150,000, compared to USD 170,000 for a reciprocating compressor operating under the same conditions. The OPEX value of a metal hydride compressor is estimated to be about USD 1000, compared to USD 9000 for a reciprocating compressor. In addition, the metal hydride compressor requires less electric energy to drive the compression of hydrogen, i.e., only 0.5 kW compared to the 20 kW of the reciprocating counterpart. There is also a significant advantage in terms of volume and weight (400 L and 100 kg for the metal hydride compressor; 6000 L and 3600 kg for the reciprocating compressor). Nevertheless, the specific energy consumption of a metal hydride compressor is relatively high due to the low thermal conductivity of the absorbent materials and the high heat of absorption. Indeed, around 10 kWh kg−1 may be required for a two-stage compression, lowering the compression efficiency to 10%.



The CAPEX of an electrochemical compressor can be as low as USD 170 per unit of hydrogen compression rate (kg day−1), compared to USD 2300 for the mechanical counterpart [114]. The OPEX of an electrochemical compressor is also estimated to be lower than that of a reciprocating compressor (<USD 1 kg−1 vs. USD 1.75–2.3 kg−1). The specific energy consumption of an electrochemical hydrogen compressor is, on average, less than 4 kWh kg−1, and strictly depends on the compression ratio. Indeed, electrochemical compressors have a high efficiency (>60%) and low energy consumption for low-pressure applications not exceeding 10 MPa [119].



Finally, the hydrogen adsorption–desorption compressor has been designed too recently to provide detailed information on CAPEX and OPEX, as well as on performance. The CAPEX is expected to be lower than that of a mechanical compressor, because of the significantly reduced number of moving parts and the more compact size. Nevertheless, the OPEX of an adsorption–desorption compressor can be quite high due to the wide operating temperature range and the use of liquid nitrogen, even though the heat of adsorption is 10 times lower than that of absorption in metal hydrides.



Table 1 and Table 2 summarize the main characteristics of mechanical and non-mechanical hydrogen compressors, respectively. A thorough description of current hydrogen compression technologies and performance is given elsewhere [94].





6. Non-Mechanical and Hybrid Hydrogen Compression in Decentralized Facilities


For the development of fuel cell vehicles, it is necessary that the amount of hydrogen to be stored on board should be sufficient to cover a distance of up to 500 km. For example, hydrogen must be compressed to 70 MPa in order to store 5 kg in 120 L, at least [136,137,138]. To date, the available non-mechanical hydrogen compression technologies are not capable of achieving such a value if used alone. Nevertheless, if a hybrid configuration is adopted, consisting of a preliminary first stage compressing the hydrogen up to medium pressures and a second stage completing the compression to 70 MPa, it is possible to realize a non-mechanical compression system that could be used in hydrogen refueling stations. Therefore, we investigated the feasibility of a hybrid hydrogen compression system comprising: (i) a first EHC stage, up to 4–8 MPa and (ii) an adsorption–desorption compressor that compresses hydrogen up to 70 MPa (Figure 8).



Figure 8 shows the proposed hybrid hydrogen-compression system without moving parts, as it is completely non-mechanical. It is also quiet in operation and has a simple structure and compact dimensions compared to mechanical hydrogen compressors. The performance of each stage of the aforementioned system is discussed below.



6.1. Performance of the Electrochemical Compressor


As mentioned in the previous sections, the EHC is a very compact device that allows hydrogen to be compressed with high efficiency. This is due to the fact that hydrogen compression in an EHC is isothermal, which requires less energy than polytropic or adiabatic compression. Nevertheless, high efficiencies can be only achieved if the discharge pressure is not too high, in order to prevent hydrogen back-diffusion. For this reason, the EHC represents a suitable solution in a hybrid hydrogen compressor if it is used as a first pre-compression stage up to medium pressures, e.g., 4–8 MPa.



One of the most important core materials of an EHC is the membrane, whose role is to drive the protons from the anode to the cathode. The membrane thickness has been found to play a key role in the performance of an EHC. Indeed, we have found that thin membranes, such as Nafion® XL (30 µm thick), perform better than thicker membranes, such as Nafion® 117 (175 µm). Indeed, at 333 K, for an applied current density of 0.33 A cm−2 and a discharge pressure of 4 MPa, Nafion® XL achieved an overall efficiency of 53%, compared to 37% obtained using Nafion® 117 under the same conditions [120]. This large difference is due to the cell voltage required to drive the electrochemical reactions. Indeed, a cell voltage of 0.137 V was supplied using Nafion® 117 under the aforementioned conditions, whereas around 0.06 V was supplied with Nafion® XL (Figure 9). These data are in agreement with those obtained by Grigoriev et al. [139], who proved that it is possible to compress hydrogen from 0.1 MPa to 4.8 MPa using a single-stage EHC, applying a cell voltage of 0.14 V and at 0.2 A cm−2, and using Nafion® 117 as the membrane. The aforementioned difference was obviously due to the higher ohmic resistance within the EHC, which resulted from the use of a thicker membrane, adding a significant overpotential contribution. It is important to underline that the detrimental contribution of the ohmic overpotential to the overall efficiency was much greater than that given by the hydrogen back-diffusion. Indeed, the hydrogen back-diffusion is inversely proportional to the membrane thickness [140]. An equivalent current density due to the back-diffusion equal to 5.22 mA cm−2 was obtained using Nafion® 117, whereas 45.31 mA cm−2 (i.e., nine times more) was obtained in the case of Nafion® XL.



Although EHC is based on the same technology and core materials as PEMFCs, some changes must be anticipated. This is the case for gas diffusion layers. While in PEMFCs carbon papers are recognized globally for the efficient transport of reagents and products into and out of the system [141], they are not able to withstand the large pressure gradients on the EHC. Therefore, porous titanium transfer layers, with a small average pore size (3–5 µm) and a high thickness (of the order of millimeters), can be used.



The rate of production of high-pressure hydrogen in an EHC,     n ˙    H 2    ,   (NL h−1), only depends on the global current density supplied to the system, I (A cm−2), and the amount of energy lost due to back-diffusion, Iloss (A cm−2), according to Faraday’s law:


    n ˙    H 2    =    (  I −  I  l o s s    )    S   2 F    



(1)




where S (cm−2) is the active area of the EHC and F (96,485 C mol−1) is the Faraday constant. According to Equation (1),     n ˙    H 2      is about 15.6 NL h−1 at 1 A cm−2, and increases linearly to 31.2 and 46.98 NL h−1 at 2 and 3 A cm−2, respectively. In addition, the choice of the most appropriate I to be applied to the EHC is essential for practical applications. Indeed, the obvious advantage of supplying a high I to the EHC lies in its greater compactness and lower CAPEX, as well as in the higher rate of production of high-pressure hydrogen. Nevertheless, OPEX is relatively high under these conditions, and it can only be significantly reduced by decreasing I. Therefore, an I in the range of 0.5 to 1 A cm−2 is commonly used in an EHC compressor, such as in PEM water electrolyzers and PEMFCs [139].



In order to improve the performance of an EHC, efficient water management inside the device must be ensured. Indeed, the transfer of protons from the anode to the cathode of the EHC, i.e., the ionic conductivity of the Nafion® membrane, is only enhanced if the membrane is well hydrated homogenously. Unlike PEMFCs, water is not a reaction product in the EHC. Therefore, water is generally fed along with hydrogen into the anode compartment of the EHC. Unreacted hydrogen can also be recirculated from the anode outlet to the anode inlet to improve system efficiency, after rewetting and when high hydrogen stoichiometry is used. Liquid water can also be fed to the cathode side, which allows a better humidification of the membrane. Both of the aforementioned solutions are particularly appropriate when the anode pressure is above 0.1 MPa, i.e., when the molar fraction of water at the anode inlet is significantly lower than that of hydrogen. Nevertheless, a low-pressure pump for hydrogen recirculation and a high-pressure pump for feeding water to the high-pressure compartment shall be added to the system, resulting in an additional OPEX. It has been proved that a relative humidity of 90% in the hydrogen flow fed to the EHC allows a homogenous humidification of the membrane, which results in a stable and enhanced performance and high efficiency. Indeed, when hydrogen at low relative humidity is fed to the EHC, i.e., <30%, unstable performance is observed. The EHC acts in such a way as to “consume” water on the cathode side, leading to a progressive dehydration of the membrane and, consequently, a significant reduction in efficiency [120]. Since water is used to humidify the EHC membrane, the high-pressure hydrogen flow produced at the cathode is wet. Thus, a desiccant must be used downstream of the EHC to dry the compressed hydrogen that will be fed into the next compression stage, i.e., the adsorption–desorption compressor (Figure 8).




6.2. Performance of the Adsorption–Desorption Compressor


Several materials can be used in the adsorption–desorption compression of hydrogen, provided they have both a high specific surface area and adequate pore size distribution. Indeed, it is essential that the adsorbent material have a high hydrogen adsorption capacity in order to produce large amounts of high-pressure hydrogen. Of all of the microporous adsorbent materials investigated in recent years for hydrogen adsorption, it has been shown that metal organic frameworks (MOFs) have outstanding BET (Brunauer, Emmett and Teller) areas, even higher than 6000 m2 g−1, capable of adsorbing up to 10 wt.% of hydrogen at 77 K and 6 MPa [48]. Likewise, hyper-crosslinked polymers, silicas, aluminas, and zeolites have also shown high hydrogen adsorption capacities [49,51,142,143]. Nevertheless, most of these materials are relatively expensive, and their properties gradually degrade with ageing. Therefore, carbon materials, e.g., activated carbons, have proven to be the most suitable adsorbent materials for an adsorption–desorption compressor due to their moderate cost, high chemical stability, and textural properties suitable for hydrogen adsorption [47,144].



Beyond the absence of any moving part, one of the main advantages of an adsorption–desorption compressor is the ability to control the hydrogen discharge pressure by both the charging pressure and the desorption temperature. Indeed, numerical simulations have shown that it is possible to compress hydrogen up to 70 MPa by heating an adsorption–desorption compressor from 77 to 298 K and when hydrogen is fed at 4 MPa [145]. At a charging pressure of 0.1 MPa, a discharge pressure of 12 MPa was reached, which is not sufficient for automotive hydrogen applications [146]. This feature highlights the need for a first preliminary compression stage upstream of an adsorption–desorption compressor, as discussed above. Improvements are possible by increasing the desorption temperature. Indeed, it was shown that the amount of desorbed hydrogen can increase from 5% to 14% of the total amount of pre-adsorbed hydrogen when the system is heated further from 298 to 353 K [145], which considerably increases the amount of high-pressure hydrogen produced by the compressor. Temperatures above 298 K can be reached by using the heat recovered from the first compression stage. It is worth mentioning that a high-pressure water electrolyzer may also be used as a preliminary stage of the adsorption–desorption compressor. These devices typically operate at 353 K [10], so that the waste heat from the electrolyzer may be used to heat the adsorption–desorption compressor, thus improving the overall system efficiency.



The adsorption–desorption compressor is almost entirely controlled by heat exchange with the external environment. Figure 10a shows the time evolution of pressure and temperature that we obtained when using a 0.5 L adsorption–desorption compressor filled with 0.175 kg of commercially activated carbon (MSP20X, Kansai Coke&Chemicals, Hyogo, Japan). The increase in hydrogen pressure inside the tank was strictly related to the increase in temperature. Thus, the ambient temperature and the highest discharge pressure of 65 MPa were reached in 80 min. The time evolution shown in Figure 10 was obtained by heating the compressor by natural convection, i.e., by removing it from liquid nitrogen and keeping it at ambient temperature. It should be mentioned that we have only focused on a proof of concept in this study, so we did not evaluate the energy performance of such a thermally driven adsorption-desorption compressor. Indeed, an industrial system must have internal heat exchangers to optimize heat transfer, as shown in Figure 7. Methods to further reduce energy consumption, increase efficiency, and reduce the duration of the compression stage may include the use of cheap waste heat as previously stated, but also the cold recovery.



The data shown in Figure 10a were obtained by feeding hydrogen at 8 MPa into the adsorption–desorption compressor. Indeed, the activated carbon used has a very low bulk density (350 g L−1), which limits the available specific surface area and micropore volume for hydrogen adsorption in the tank. Therefore, increasing the hydrogen charging pressure was found to be a good solution to increase the amount of hydrogen adsorbed in the compressor [125]. Nevertheless, the discharge pressure reached under these conditions was 65 MPa, slightly lower than that required by hydrogen automotive applications. For this reason, either increasing the charging pressure to 9 MPa or increasing the desorption temperature above 298 K could allow 70 MPa to be reached. By adopting the second solution, thus increasing the desorption temperature to 323 K, a high-pressure hydrogen flow was produced by the compressor, as shown in Figure 10b. Approximately 32 NL h−1 were quickly released by the compressor once the pressure inside the tank was 70 MPa, and a decreasing flow was then obtained for about 60 min. The high-pressure hydrogen flow vanished when the pressure inside the tank was below 70 MPa. The ratio of the total mass of high-pressure hydrogen produced to the tank volume was then equal to approximately 1 g L−1 for these non-optimized conditions.



In order to make this system a feasible alternative to mechanical compressors or other types of non-mechanical compressors, several improvements are necessary. Mixtures of graphite-activated carbons could be used to increase the effective thermal conductivity of the porous bed, while a densification processes could be used to increase the bulk density of the adsorbent [147,148]. Such methods would increase the amount of hydrogen adsorbed within the porous bed and, with it, the mass of compressed hydrogen.



The energy optimization of the proposed adsorption–desorption compression is in progress. Thus, a system consisting of two tanks operating with a 180° phase shift is being studied. Indeed, the specific energy required by this system can be improved by using the frigories of the first tank during heating to cool the second tank. In this way, a thermally driven compressor could become a valid alternative to mechanical compressors from an industrial point of view.





7. Conclusions


Reducing the cost of hydrogen storage is crucial for the development of automotive hydrogen applications, such as fuel cell vehicles. In fact, the storage, transportation, and distribution stages cause significant increases in the price of hydrogen at the pump, which is currently at USD 8–10 kg−1.



High-pressure hydrogen storage has been proven to be the most suitable method for storing hydrogen in decentralized facilities, i.e., at hydrogen refueling stations, compared to liquid-phase storage and storage in absorbed form in solid materials. Nevertheless, mechanical compressors, which are the most widely used technology for compressing hydrogen today, are responsible for more than 50% of CAPEX, 20% of OPEX, and about 30% of the total energy consumption of a hydrogen refueling station. Furthermore, mechanical compressors have several disadvantages, such as the presence of many moving parts, hydrogen embrittlement, high consumption of energy, high structural complexity, and difficult heat management.



Non-mechanical compressors, such as metal hydride, electrochemical, and adsorption–desorption compressors, may be a suitable alternative to replace mechanical compressors in decentralized facilities. Indeed, they have several advantages, such as the absence of moving parts that contributes significantly to the reduction of installation and maintenance costs compared to mechanical compressors. Metal hydride compressors ensure both safe storage and compression of hydrogen. As they require heat exchange, they are also known as thermally driven compressors. The search for appropriate alloys is essential for the development of such technology, as it requires both low desorption temperatures and high pressures.



Electrochemical compressors are based on the use of selective polymeric membranes, such as Nafion®, to compress hydrogen gas, and have been proven to provide the highest level of compression efficiency (up to 60%) when the discharge pressure is not too high. Indeed, the efficiency of such devices is affected by the hydrogen back-diffusion. Electrochemical compressors have been found to offer good performances when equipped with a thin membrane at 1 A cm−2.



Adsorption–desorption compressors rely on the ability of hydrogen to bind weakly to the surface of highly porous solids, such as carbon materials or metal-organic frameworks. Like metal hydride compressors, adsorption–desorption compressors are also thermally driven. Nevertheless, operation at a cryogenic temperature, down to 77 K, is required to enhance hydrogen uptakes. Such devices are able to compress hydrogen up to 70 MPa in a single step.



Hybrid configurations, consisting of: (i) a first electrochemical stage up to 4–8 MPa; and (ii) a second stage based on cyclic adsorption–desorption on carbon materials, make it possible to reach 70 MPa in a compact and quiet device. This could represent a promising alternative to mechanical hydrogen compressors in the framework of decentralized facilities, such as hydrogen refueling stations.
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Figure 1. Global hydrogen production and consumption. 
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Figure 2. Different typologies of high-pressure hydrogen tanks and their performance indexes (adapted from [27]). 
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Figure 3. The hydrogen value chain for the specific case of automotive applications. 
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Figure 4. Global distribution of hydrogen pipelines (adapted from [57]). 
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Figure 5. Scheme of hydrogen refueling stations driven by renewable sources. 
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Figure 6. Scheme of the components and reactions taking place in an electrochemical hydrogen compressor. 
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Figure 7. Operating principles of an adsorption–desorption compressor. 
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Figure 8. Scheme of a hybrid hydrogen compression: electrochemical at low pressure, adsorption–desorption at high pressure. 
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Figure 9. Polarization curves for different membranes (T = 333 K, stoichiometry 1.2, relative humidity of inlet hydrogen = 90%, discharge pressure = 4 MPa). 
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Figure 10. (a) Time evolution of pressure and temperature in an adsorption–desorption compressor and; (b) high-pressure hydrogen flow produced by the adsorption–desorption compressor (charging pressure = 8 MPa, V = 0.5 L, amount of adsorbent = 0.175 kg). 






Figure 10. (a) Time evolution of pressure and temperature in an adsorption–desorption compressor and; (b) high-pressure hydrogen flow produced by the adsorption–desorption compressor (charging pressure = 8 MPa, V = 0.5 L, amount of adsorbent = 0.175 kg).



[image: Energies 13 03145 g010]







[image: Table] 





Table 1. Main characteristics of mechanical hydrogen compressors.
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	Characteristic
	Piston
	Diaphragm
	Ionic Liquid





	Compression Rate (Nm3 h−1)
	~10,000
	<1000
	<1000



	Efficiency
	~45%
	~45%
	>70%



	Cost
	~USD 170,000 1
	~USD 2300 kg−1 day−1
	no data



	Energy consumption

(kWh kg−1)
	<5
	<5
	~2.7



	Advantages
	
	-

	
Mature technology




	-

	
Adaptability to a large range of flow rates




	-

	
High discharge pressures




	-

	
Contamination by lube oils






	
	-

	
Low power consumption




	-

	
Low cooling requirement




	-

	
Ideal for handling pure gases and explosives






	
	-

	
High efficiency




	-

	
High compression ratio




	-

	
Low energy consumption




	-

	
Reduced wear and long service




	-

	
Low noise emissions




	-

	
Quite isothermal compression




	-

	
No gas contamination




	-

	
Small number of moving units









	Disadvantages
	
	-

	
Embrittlement phenomena




	-

	
Several moving parts




	-

	
Manufacturing and maintenance complexity




	-

	
Difficulty in managing heat transfer




	-

	
Presence of vibrations and noise




	-

	
Not suitable for high compression ratios






	
	-

	
Diaphragm failure




	-

	
Complex design




	-

	
Limited throughput






	
	-

	
Liquid leaks




	-

	
Cavitation phenomena




	-

	
Corrosion













1 Capital expenditure, compression from 0.7 to 25 MPa [134].
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Table 2. Main characteristics of non-mechanical hydrogen compressors.
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	Characteristic
	Metal Hydrides
	Electrochemical
	Adsorption–Desorption





	Compression Rate (Nm3 h−1)
	<10
	<10
	no data 2



	Efficiency (%)
	<10
	~60
	no data 2



	Cost (USD)
	~150,000 1
	~170 kg−1 day−1
	no data 2



	Energy consumption

(kWh kg−1)
	10
	<4
	no data 2



	Advantages
	
	-

	
Thermally driven compressor




	-

	
Absence of moving parts




	-

	
Compact design




	-

	
Safety




	-

	
Absence of noise




	-

	
High-purity hydrogen production






	
	-

	
Low cost of operation




	-

	
High-purity hydrogen production




	-

	
No moving parts




	-

	
Very high compression efficiency




	-

	
Use as a purifier






	
	-

	
Thermally driven compressor




	-

	
No necessity for sealing




	-

	
No moving parts, no vibration, no noise




	-

	
Low cost of adsorbents




	-

	
Low heat of adsorption









	Disadvantages
	
	-

	
High desorption temperature




	-

	
High heat of absorption




	-

	
Limited heat transfer




	-

	
Necessity of using appropriate alloys




	-

	
Low efficiency




	-

	
High weight




	-

	
Low compression rates






	
	-

	
Difficulty in manufacturing the cell assembly




	-

	
Difficulty in realizing a perfect sealing




	-

	
High cell resistance




	-

	
Not suitable for very high discharge pressures




	-

	
Low compression rates






	
	-

	
Low thermal conductivity of adsorbents




	-

	
Difficulty in thermal management




	-

	
Low-temperature operation (77 K)













1 Capital expenditure, compression from 0.7 to 25 MPa [134]; 2 Adsorption–desorption compressor is still a novel technology, thus it is difficult to give precise assessment of its performances and cost.
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