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Metal hydrides are very much reported as a potential safe option for high-density hydrogen storage materials. A combined system of proton-exchange membrane hydrogen fuel cell (PEMFC) and metal hydride (MH) tanks is designed to investigate their characteristics and performances as hydrogen storage and stable power supply system. An AB5-type (LaCe)Ni5 material containing three MH tanks is selected for investigation. Endothermic dehydrogenation of metal hydride controls the hydrogen evolution rates during a discharging period, which reduces the risk of accidents. The MH tank charged at a 20°C water bath sustains and supplies hydrogen for a longer time of 240 min. The performances of the MH tank at a water bath of 20°C and 10-bar conditions correspond to the optimum condition of hydrogen storage at the MH tank of Pragma Industries. The performances of the combined system were investigated in different working conditions. The system sustains and supplies hydrogen to PEMFC for 240, 160, 130, and 110 min for the working loads of 250, 500, 1,000, and 2,000 W, accordingly. It is concluded that hydrogen consumption frequency increases for higher load demand.
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1 INTRODUCTION
Bangladesh, like many other countries, is currently focusing on hydrogen energy as an option. Most energy demand is met by natural gas in Bangladesh (about 70%). Other important sources of energy supply are oil, coal, biomass, and so on. To satisfy the rising demand, LNG and LPG are imported from different countries, as well as electricity. The use of renewable energy, instead of gas, coal, and oil, was initiated around the world and is critical for sustainable development and environmental protection by avoiding carbon emissions, to decrease the dependence on fossil fuels (Energypedia, 2017). Bangladesh produces a large amount of biomass due to its massive agricultural operations and high population density; hydrogen fuel is a very attractive choice for speeding up the paradigm shift to green energy. Biomass combines the attributes of gasoline with those of a renewable energy source. Biomass is the primary source of energy for cooking and heating in Bangladesh, particularly in rural regions. However, all of the biomass produced is not being used to its full potential, and solving this issue may help us address our energy and fuel crises with current technologies (Salam et al., 2018). Moreover, Bangladesh is a riverine country and very close to the Bay of Bengal. It has an enormous amount of water that can be a promising source of fuel if the electrolysis or water splitting process could be economic. Bangladesh has set up a milestone infrastructure to introduce and to demonstrate that hydrogen could be an alternative fuel.
Among all the alternatives, hydrogen appears to be the most promising in terms of reducing greenhouse gas (GHG) emissions, ensuring energy security and reducing local air pollution. Hydrogen has a much higher energy density per unit mass (34 kcal/g) than conventional fossil fuels (4–10 kcal/g), making it an energy-efficient fuel (Jain, 2009). A kilogram of hydrogen powers a fuel cell automobile for 100–131 km, whereas a kilogram of gasoline powers a typical car for 16 km. The increased interest in hydrogen, particularly for transportation applications, is due to the developments in fuel cell technology in the late 1990s and the utilization of hydrogen in the internal combustion engines without requiring substantial investments. Hydrogen is emission-free at the point of final use, avoiding both CO2 and air pollution emissions caused by transportation. Fuel cells, with their high conversion efficiencies relative to internal combustion engines, can also have a significant impact in this area (Sobrino et al., 2010).
Recent literature (Midilli et al., 2005; Balat, 2008; Veziroğlu, 2008; Barbir, 2009; Holladay et al., 2009; Jain, 2009; Zeng and Zhang, 2010) focuses on hydrogen applications in all spheres of human activity, including industrial, transportation, residential, and space. The use of hydrogen is primarily for oil refineries (Barreto et al., 2003; Muellerlanger et al., 2007); the production of ammonia/fertilizers (Ramachandran and K Menon, 1998; Lattin and Utgikar, 2007); and, to a smaller degree, the production of metals such as nickel, tungsten, molybdenum, copper, zinc, uranium, and plumage and consumes up to over 60 million tons (Richards and Shenoy, 2007; Krause et al., 2013) worldwide. In almost all applications, where fossil fuels are currently used and especially in car engines, hydrogen can be used as a fuel, offering immediate advantages in terms of reduced environmental contamination and cleaner environments (Eliezer et al., 2000; Barbir, 2009; Li et al., 2014).
Despite all the benefits of hydrogen as alternative energy, the storage of hydrogen remains an issue, because it is a highly flammable gas, making it dangerous to transport under high pressure in vehicles. A low pressure, but large-capacity, storage system provides a safer means of transporting hydrogen. Metal hydride, metal-organic frameworks (MOFs), nanotubes, intermetallic compound, graphene, and complex hydride are hydrogen storage materials. However, these storage materials are in an investigation level and are yet to be tested in larger prototypes. AB5-type metal hydride (MH) tanks are worthy of integrated investigation.
The most unique features of an AB5-type metal hydride crystalline compound are its accommodation of many substituting elements in large amounts into different active sites of the alloy, and the structure can be modified as required for properties such as thermodynamics, kinetics, recyclability, heat transfer, thermal defusibility, thermal stability, and microstructure. The materials can adsorb large quantities of reversible hydrogen, which is most important for stationary hydrogen tanks, gas separation, or refuelling. Moreover, the thermodynamics properties of the materials can be adjusted due to the large substitution of elements. Magnetic properties of AB5-type materials are favorable to hydrogen sorption.
The metal hydride storing system may offer an alternative to standard storage systems such as high-pressure, liquid, or cryogenic. More hydrogen per unit of volume (120 kg m−3) may be stored by solid compounds than liquid (70 kg m−3) and greater safety make the product an attractive solution. The most appropriate chemicals are called AB5 intermetallic compounds (A and B being elements with high and low affinity with hydrogen, respectively). The mechanism is shown in Equation (1).
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(LaCe)Ni5 is one of the materials of the AB5-type metal hydride. The molecular hydrogen is dissociated at the surface and is interspersed during absorption into the metal matrix. As a result, hydrogen atoms are found on the LaNi metal lattice’s interstitial sites (Schlapbach and Züttel, 2001). The ability of LaNi5 to swiftly absorb and desorb hydrogen within the necessary temperature, pressure, and hysteresis allowing a good life cycle is very intriguing (Westerwaal and Haije, 2008; Hsieh et al., 2017a). Furthermore, it can store hydrogen at very low pressure, making it an ideal option for transportable applications where high-pressure systems are both unsafe and costly. The mass density of hydrogen in LaNi5H6 is only 2%, implying that La and Ni make up the great bulk of the system. This is insufficient for mobile applications, which require 4%–5% mass (the US DOE’s goals are 6.5% mass and 62 kg H2 m−3) (Westerwaal and Haije, 2008).
However, to generate electricity from the hydrogen gas of the MH tank, a proton-exchange membrane hydrogen fuel cell (PEMFC) is required. PEMFCs have a high power density, a fast start-up time, a quick reaction to changing loads, and a low operating temperature (Hsieh et al., 2017a). PEM fuel cells are widely acknowledged as a potential contender for power production in automotive, distributed power generation, and portable electronic applications. Despite extensive studies across the world, the cost of a fuel cell device is still too high to be commercially built (Wang, 2003). PEMFCs have several benefits, including a low operating temperature, continuous operation at a high current density, low weight, compactness, the possibility for cheap cost and volume, extended stack life, quick start-ups, and appropriateness for discontinuous operation (Barbir and Gomez, 1996; Chalk et al., 2000; Costamagna and Srinivasan, 2001a; Costamagna and Srinivasan, 2001b; Cacciola et al., 2001; Chu et al., 2001; Faur Ghenciu, 2002; Gamburzev and Appleby, 2002; Mehta and Cooper, 2003). PEMFCs are the most promising and appealing choice for a wide range of power applications, from portable/micropower and transportation to large-scale stationary power systems for buildings and distributed generation, thanks to their characteristics. Several companies have announced various applications, new technologies, and on-road prototype vehicles, including fuel pulse systems (Ballard, UTC, Nuvera, GE-FCS, Plug Power, Intelligent Energy, NovArs, Smart Fuel Cell, Toshiba, Sanyo, and Hydrogenics) and auto motors (Daimler-Chrysler, Ford, Renault, Toyota, Nissan, GM, BMW, and Hyundai). Furthermore, numerous technologies that use PEMFC for various applications are presently under development (Acres et al., 1997; Faur Ghenciu, 2002; Bostic et al., 2004) and are likely to hit the market shortly (Gray and Frost, 1998; Docter and Lamm, 1999).
To make it more attractive, the combination of an MH hydrogen storage tank with a PEMFC might be a viable transportation option. One form of fuel cell technology with great power density and compactness is the PEMFC. Meanwhile, it runs in a low-temperature range (−20°C–100°C), allowing for a fast transition from idle to full load (Chauhan and Saini, 2014). PEMFC is therefore more appropriate for integrated deployment on long-range fuel cell vehicles. MH hydrogen storage tanks store hydrogen at low pressures and temperatures. MH tanks have a lot of appeal for hydrogen storage in fuel cell cars since they are safe, pollution free, and reusable (Abdalla et al., 2018).
Nevertheless, despite the promising results and reasonable outlook of PEMFCs, the remaining issues still mean that the different old energy sources cannot be substituted efficiently and affordably before long. Furthermore, despite the numerous encouraging outcomes, technical data and information on a genuine PEMFC application test are the most significant tools for marketing PEMFCs. Regrettably, there is little published data or information on PEMFC in real-world applications. For their benefit, several fuel cell businesses throughout the world have patented their collected experience and technology. Because the world is grappling with energy issues and pollution, it is critical to exchange knowledge and data about these technologies to accelerate their commercialization. As a consequence, Bangladesh has joined the hydrogen energy race by setting up a research center and a pilot processing plant. Efforts are going on to synthesize a cost-effective AB5-type material for hydrogen storage. Hydrogen is currently being produced at the pilot plant by using waste and biomass as feedstock. The use of water as a raw material will begin soon with the installation of another processing plant.
This paper presents the standard application features and performances of an integrated PEMFC and AB5-type MH hydrogen storage and supply tank. The core objectives of this investigation are to explore their potential aspect and to find optimum charging and discharging conditions and performance of the system that help to establish and expand the market of the PEMFC and MH tank in Bangladesh.
2 MATERIALS AND METHODS
2.1 System Setup
A test setup is designed by the Hydrogen Energy Laboratory, BCSIR, Bangladesh that includes a hydrogen storage MH tank, electronic load system, and PEMFC stack (Table 1). Hydrogen is supplied through a hydrogen regulator and MFC at 0.5-bar pressure and 10 standard liters per minute (slpm) from MH tank that was pre-charged as described above. The hydrogen gas flows inside the stack using a dead-end mode; every 10 s, the end valve was opened to release the existing gas for purging action and a variable electronic load; and 250, 500, 1,000 and 2,000 W are alternatively used as the load of the system. The total capacity of the PEMFC is 3 kW. The continuous performances of the stack are measured and recorded as displayed in the built-in display of the stack and electronic load system.
TABLE 1 | Technical specifications of PEMFC.
[image: Table 1]2.2 Metal Hydride Tank
The metal hydride tank was made of Al alloy type EN-AA-6063 (MH_1500, Pragma Industries). It is filled with Ni-based AB5-type absorbent alloy that consisted of rare-earth and transitional metals. The chemical formula of the alloy is (LaCe)Ni5. The specifications of the MH tank are shown in Table 2. Nine kilograms of the alloy was loaded in the MH tank. The particle size of the alloy is 0.1 mm. The total weight of the MH tank is 13.15 kg with 9 kg of alloy, and its hydrogen capacity is 1,500 NL hydrogen. It is a one-chamber tank that used Cu that is connected to a water tube as a heat exchanger. A hydrogen connection tube is built-in for in/out of the hydrogen at the top side of the tank. A pressure gauge measures the charging and discharging pressures of the tank. To avoid contamination of hydrogen gas during the charging and discharging time of metal hydride, a middle layer is used. Charge and discharge flow rates were maintained at 10 slpm. A male quick connector is used to charge and discharge the tank.
TABLE 2 | Technical specifications of the MH tank.
[image: Table 2]The schematic diagram of the experimental apparatus used for this experiment is shown in Figure 1. The automatic purging valve, dedicated regulator, and ball valves enable the device to move between evacuation, activation, and charging–discharging processes. The lining device was eliminated using air as a carrier of volatiles before performing a hydrating activity.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental setup.
2.3 Method of Charging
MH tanks were charged at water and ice bath conditions. A compressed gas cylinder from Linde, Singapore, with a pressure of 200 bars is used to charge or induce hydride formation in the MH tank. A pressure of 10 bars and 10 slpm is maintained in the whole charging period of half an hour using a flammable regulator, MFC, and two- or three-way valve (according to the technical specification of the MH tank). A water bath (60 cm × 60 cm × 25 cm) with a water-holding capacity of 40 L was used. Charging temperature at water bath (20°C) and ice bath (0°C) was maintained with the help of a chiller. A pressure-regulated gas inlet/outlet passes through a 6-mm tubing. Three MH tanks (tank 1, tank 2, and tank 3/MH_1500) collected from Pragma Industries are used for charging and discharging investigations. All tanks are charged at 10, 8, and 6 bars with similar conditions to check the highest possible hydrogen storage and recorded charging pressure and temperature. Using thermocouple probes and pressure transducers, the temperature, reservoir pressure, and vessel were monitored.
2.4 Method of Discharging
Hydrogen discharge performances of the tank indicate the exact amount of usable hydrogen for the production of power by PEMFC. Discharging of the tanks was carried out at a tank pressure of 0–8 bars and temperature of 25°C–40°C, using a hydrogen process analyzer connected with PEMFC and a regulator to supply hydrogen to PEMFC at 0.5 bar and 10 slpm (according to fuel cell technical specification). All desorption tests followed after charging the MH tank and allowing it to cool to ambient temperature. Discharge or desorption of the tanks was conducted through a 3,000-W PEMFC (FCS-C3000, Horizon), consisting of 72 cells (specifications of PEMFC are tabulated in Table 2). Stack temperature, blowers, hydrogen input, purging, and fuel cell load were controlled by a control unit used in conjunction with an LCD.
Temperature and pressure of the MH tank were measured with a thermocouple and a pressure gauge built-in at the top of the tank. DC produced by PEMFC connected with the closed circuit is used for the load. An inverter is used to convert DC to AC for use through a bulb, fan, monitor, etc. MH tanks were heated by warm water flow (40°C) over the surface of the tank, and its whole desorption time was maintained, allowing to finish dehydration and stop the running of PEMFC.
3 RESULTS AND DISCUSSION
3.1 Charging and Discharging Feature of the MH Tank
3.1.1 Charging/Storage Feature of MH Tank
Hydrogen storage capacities of MH tank at ice bath conditions and water bath conditions of 20°C have been investigated. Since hydride formation is an exothermic reaction, it produces heat. Charging at ice bath conditions, the temperature of tanks increases to 25°C in between the first 5 min and continues to increase incrementally to 30°C for the first 10 min. The rapid increase of the temperature of the MH tank is because of the large number of exothermic reactions of hydride formation. The temperature of the MH tank started to decrease at the 10th minute and further demonstrated a decrement to 20°C after another 5 min. A very slow decrement of MH tank temperature is observed for the next 30 min, whereas in the last 15 min, there is no change of temperature. Due to the formation of maximum metals to hydride, the trend of temperature increment is decreased and slowly it becomes saturated. Charging at water bath conditions (at 20°C), the tank temperature increased to 35°C for the first 5 min, as demonstrated in earlier conditions due to frequent hydride formation, and later slowly decreased as shown in Figure 2. Temperature decrement is observed until 30 min. After 30 min, there was no change of temperature for 15 min, and then it remained at 25°C due to the hydrogen saturation.
[image: Figure 2]FIGURE 2 | Hydrogen charging curves of metal hydride (MH) tank 2 at 0°C (ice bath) and 20°C (water bath) at 10 bars.
The amount of hydrogen stores in MH tanks is measured by the area under the curve. Experiments show a higher amount of hydrogen stores in the water bath conditions than in ice bath conditions. Further experimentation was continued for MH tanks at the water bath conditions due to better performances at 20°C.
Charging Feature of Tanks at 20°C
Three MH tanks (tank 1, tank 2, and tank 3) are charged at two conditions: an ice bath (0°C) and a water bath with a temperature of 20°C, with different pressures of 10, 8, and 6 bars accordingly. Storage capacities of MH tanks are enhanced at water bath conditions and 10-bar pressure. Figure 3 demonstrates the temperature profiles of three MH tanks charging at water bath conditions and 10-bar pressure. The profile shows that at the beginning, the temperature increased sharply due to the exothermic reaction of hydride formation in the initial phase of charging. The hydride formation process quickly discontinues because the equilibrium pressure of absorption increases with temperature increment over the hydrogen supply pressure. As a result, the temperature declined sharply due to the reduction of heat release through less hydride formation. A further sharp decline of temperature was observed after 720 s due to the slow formation of hydride in the second step of the equilibrium curve. Finally, it reached room temperature and remained in this state for a long time, which indicates the saturation of hydrogen and the formation of hydride in the alloy materials of MH tanks stopped. Charging experiments of MH tanks find a similar behavior of three MH tanks, where a sharp increment and two steps of decline in temperature despite having different profiles. It depends on the tank structure, activation conditions, charging conditions, heat exchange pipe properties, etc.
[image: Figure 3]FIGURE 3 | Hydrogen charging curves of three MH tanks at 20°C.
3.1.2 Discharge Feature
Three tanks (tanks 1, 2, and 3) were charged at similar conditions as mentioned above (Method of Discharging section). After being charged, the pressure of tanks 2 and 3 became stable at 6 bars, whereas the pressure of tank 1 became stable at 7 bars. Tank 2 discharge pressure sharply increased within 40 min and then dropped to 3 bars. Later, its pressure drops from 3 to 0 bar by 100 min and is maintained at 0 bar for 20 min. The discharging trend of MH tanks 1 and 3 is almost the same as tank 2 due to the similar AB5 material contents in the tanks. The best performance of the tank is because of the moisture-free physical adsorption in AB5-type materials.
Hydrogen storage/charging experiments have been conducted at a pressure 10 bars and 10 slpm flow rates. After charging MH tanks at 10 bars, the pressure of the tank slowly decreases. The stable pressure of charged MH tanks is 6–7 bars. Discharging of MH tank starts from 6 or 7 bars and 10 slpm flow rate, and 40°C temperature is maintained in the whole period (Figure 4). The discharge pressure of tank 2 begins at 6 or 7 bars and decreases slowly. The discharged hydrogen is consumed by PEMFC at 0.5 bar and 10 slpm. The 3-kW cell is connected in line that utilizes the constant volume of hydrogen that comes from dehydrating MH tank and produces electrical power. A constant load (250, 500, 1,000, and 2,000 W) is added with the PEMFC so that a constant consumption can be maintained. The MH tank that was charged at a water bath of 20°C and 10-bar pressure supplies hydrogen for 225 min (3.75 h). It shows pressure drop of 1 bar per 10 min until 5 bars and later took 40 min to reach 4 bars (Figure 5). It takes 95 min more to reach the 0-bar pressure of the tank and hydrogen flow rate drops to 8, 6, 4, 2, 1, and 0 bar. At 0 bar, the tank supplies hydrogen for 25 min more. Physically adsorbed large amounts of hydrogen in the alloy later desorbed slowly.
[image: Figure 4]FIGURE 4 | Hydrogen discharge curves of MH tanks at 40°C and 500-W load.
[image: Figure 5]FIGURE 5 | Discharge curves of MH tank 2 at 20°C water bath and ice bath.
In the second case, the stable pressure of tank 2 that was charged in an ice bath is 6 bars. It begins discharge with similar conditions, but the discharge feature is different. It only takes the first 10 min to drop the pressure to 5 bars. It gave a fixed amount of hydrogen supply to PEMFC for 35 min more to reach a pressure of 3 bars. It supplies hydrogen for 90 min more to drop the pressure to 0 bar. At 0 bar, the tank supplies hydrogen 19 min more for a similar experimental setup. There was a total of 154 min of continuous hydrogen supply to PEMFC to convert electrical power.
3.2 Absorption–Desorption Mechanism of MH Tank
Metal hydride hydrogen storage tank is loaded with several parts such as alloy powder, heat exchange parts, and gas transport components. The body of the container is generally aluminum alloy or stainless steel. The vessels used in this experiment are based on AB5 [(LaCe)Ni5] metal hydride alloy. The superiority of these vessels is their safe and reliable low-pressure storage, which is advantageous for portable applications and in-house and on-board storage (Hydrogen Storage. Hydroge, 2021).
During absorption, H2 molecules are set apart at the surface of the metal matrix and get inserted into the interstitial sites of the crystal structure (Westerwaal and Haije, 2008). Due to this phenomenon, the lattice of LaNi expands and causes strains and lattice defects. Thus, brittle materials are not a good choice for this process. During desorption, two hydrogen atoms recombine to H2 molecule (Figure 6). LaCeNi5 is particularly promising due to its ability to absorb and desorb hydrogen quickly within the required temperature and pressure ranges and with little hysteresis, which allows for a good life cycle (Schlapbach and Züttel, 2001). When used and stored in good conditions and filled with good-quality hydrogen (>99.99%), this tank has a life span of more than 2,000 cycles of discharge. However, hydrogen in (LaCe)Ni5H6 only has a mass density of 2%, meaning that the vast majority of the system is made up of LaCe and Ni.
[image: Figure 6]FIGURE 6 | Adsorption and desorption mechanism of metal powder in a metal hydride storage tank.
Hydrogen is stored in the form of a metal hydride. Most metals or alloys can react with hydrogen to form new compounds, which are named metal hydrides. The formation of metal hydride is an exothermic process associated with heat releasing. With sufficient heat supply, hydrogen can be released from the as-formed metal hydride. Such a reversible reaction process can be expressed as follows:
[image: image]
Where M is the metal or alloy, MHn is metal hydride, and ΔH is the thermal effect associated with the reaction. When pressure and temperature change, the reaction will take place alternatively and hydrogen will be absorbed or desorbed. In the case of LaNi5-based storage, the reaction is as follows:
[image: image]
3.3 PEMFC Characteristics
The steady-state current vs. voltage curve of PEMFC represents the polarization curve of the cell. The curve defines three regions that are activation, ohmic, and mass transport region. The ideal shape of the polarization curve presents the right testing methods of a specific cell.
PEMFC degradation process is investigated using three V–I curves. Figure 7 depicts that activation loss makes up the most consumption of the PEMFC losses, and mass transport degradation takes the smallest portion among the three losses. The reason is that mass transport loss is mainly due to the impedance of reactant transport to catalyst sites, which causes the loss of gas-phase permeability in the porous layers of PEMFC. Based on the previous studies (Schlapbach and Züttel, 2001; Mehta and Cooper, 2003; Susta et al., 2003; Westerwaal and Haije, 2008; Hsieh et al., 2017a), large mass transport loss is usually associated with poor water management, such as cell flooding at high current density range.
[image: Figure 7]FIGURE 7 | (A) Polarization (IV vs. time) curve of hydrogen discharge of MH tanks at 40°C and (B) polarization plot at the loaded period of PEMFC.
PEMFC (3,000 W) was connected with the load as shown in the figure, and hydrogen feed continues from the charged MH tank. MH tank 2 charged at a water bath of 20°C and 10-bar pressure supplies back/discharges hydrogen for 225 min (3.75 h), whereas the MH tank charged at an ice bath and 10-bar conditions supplies back or discharges hydrogen for 2.33 h (140 min) for the similar load and conditions. Charging the MH tank using the first conditions discharges hydrogen for a longer time for the same load. The performances of the MH tank at a water bath of 20°C and 10-bar conditions correspond to the optimum condition of hydrogen storage in the MH tank.
A different interpretation could be made in such a way that the amount of hydrogen consumed is directly proportional to the load demand. The stack consumes hydrogen through purging conditions at a particular interval (10 s or less than 10 s) in which a reaction occurs to produce power and waste hydrogen or steam purges out at the particular time. It is better observed than hydrogen consumption frequency increases for a higher load demand. Since the pressure and flow rate are controlled (fixed flow and pressure), higher consumption of hydrogen demands more frequency of purging hydrogen to the stack that reacts with oxygen to produce more power and to meet the higher load demand.
4 DISCHARGE CHARACTERISTICS AT DIFFERENT LOADS
Figure 8 represents the discharge trend of the MH tank coupled with the 3-kW PEMFC employing different constant powers of i) 250, ii) 500, iii) 1,000, and iv) 2,000 W. A general trend of hydrogen consumption by a PEMFC stack is that the steady-state H2 flow has interfered with periodic purging impulses for the removal of liquid water from the anode side. The pressure drop of the tank is because of the purging of gases and utilizing it in the production of power. The frequency of the purging impulses varies with the fuel cell current that depends on the load. The impulses shorten when the current of the cell increases. The number of endothermic hydrogen desorption requires external heat to desorb efficiently. A standard operation requires a continuous hydrogen flow to the PEMFC. A similar volume of hydrogen MH tank discharges for a long time for the low-power load (250 W), whereas the MH tank sustains lesser time for higher stack power uses (500, 1,000, and 2,000 W) for higher load. The MH tank supplies H2 for 250, 500, 1,000, and 2,000-W load for 240, 160, 135, and 113 min, respectively. The shorter period of hydrogen discharge can be attributed to the high hydrogen flow rates, indicating a higher amount of hydrogen discharges that occurs for higher load. According to the experimental condition, the flow rate was controlled at 10 slpm that depends on the purging period of PEMFC. The consumption of hydrogen only sustains a longer period for low stack power or employed load. The thermal equilibrium of the MH tank bed with the room temperature will occur at the actual operation of the MH tank bed when the PEMFC operates periodically. For prolonged operation, heating the MH tank by ambient airflow is not enough to supply continuous H2 to the PEMFC, and a constant external heating is necessary for stable supply. The MH tank is loaded with 9 kg of hydride forming AB5-type materials that have a theoretical hydrogen storage capacity near 135 kg (1.5%). The discharge amounts of hydrogen for 250, 500, 1,000, and 2,000 W are 75, 72, 73, and 70 g of hydrogen, respectively, that represents an average discharge ratio of 55%.
[image: Figure 8]FIGURE 8 | Discharge characteristics of MH tank 2 at different loads of (A) 250 W and (B) 500 W.
4.1 Cost of AB5-Type MH Tank
The cost of an MH tank with AB5-type solid metal hydride depends on the design of tank materials and performances of metal hydrides. This includes the packing density of the tank, the overall porosity of the hydride bed, and its thermal conductivity upon hydrogen uptake and release. According to the tank specifications (Table 2), it includes a double-coil-type heat exchanger of 20 m in length and a diameter of 0.5 in. The inner pressure of the tank can be measured by a pressure gauge. Two safety valves were set at the top and bottom. The total cost incurred to build an AB5-type metal hydride-containing tank is approximately $750.
5 CONCLUSION
The international demand to standardize and diversify the hydrogen fuel infrastructure is compelling many industries and sectors to adopt PEMFC and MH tanks. The enormous sources of hydrogen in Bangladesh are expected to boost the PEMFC and MH tank market shortly. Based on its application and increasing demand, the market of PEMFC and MH tanks is branching into stationary, transport, and so on. The international market share of PEMFC is 73% in 2020, which is very significant and promising. The Bangladesh market has a good potential to adopt and expand quickly. As a result, this combination will replace fossil fuel and reduce pollution that would help to implement a hydrogen economy. The present investigation corresponds that AB5-type (LaCe)Ni5 material-containing MH tank combined with PEMFC is a promising set up to be used in stationary and transportation sectors. A controlled hydrogen flow discharge rate and temperature (40°C) and charging in 20°C water bath with a controlled flow rate of 0.5 bar pressure are optimum conditions of the combined system of 3-kW PEMFC and 9 kg AB5-type MH-containing tank.
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