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Graphical Abstract 

 

Abstract 

To address rising energy demand and global warming, green hydrogen-based energy systems 

offer a promising alternative to fossil fuels. This study investigates the coupling of an Anion 

Exchange Membrane (AEM) electrolyser, metal hydride (MH) storage, and a Proton Exchange 

Membrane fuel cell (PEMFC) for integrated hydrogen storage, power generation, and thermal 

management. Hydrogen produced at approximately 35 bar by the electrolyser is stored in an 

MH reactor, with auxiliary gaseous storage for excess hydrogen, and supplied to a 4 kW fuel 

cell (FC) operating at loads between 1 and 3.5 kW. The MH reactor, based on a shell-and-tube 
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heat exchanger design, contains 20 kg of AB5 alloy with a hydrogen storage capacity of ~300 

g (~1.5 wt.%). Experimental results demonstrate stable system operation, with heating output 

during the absorption half cycle ranging from ~3.5 to 4.4 MJ for various absorption conditions, 

and cooling output during desorption varying from ~0.2 to 0.75 kW for load conditions ranging 

between 1.0 and 3.5 kW. With MH coupling, the FC efficiency reached 53%, with optimal 

performance observed above 50% load. The results confirm the feasibility of MH-based 

hydrogen storage systems for combined power, heating, and cooling applications, particularly 

in transport energy systems. 

Keywords: Heating, Cooling, PEM Fuel Cell, Metal Hydride, AEM Electrolyser, Refrigerated 

Transport 

Nomenclature 

Abbreviations  

AEM  Anion Exchange Membrane PEM Proton Exchange Membrane 

DAQ Data Acquisition System PEMFC PEM Fuel Cell 

ECT Embedded Cooling Tube SMR Steam Methane Reforming 

FC Fuel Cell Symbols 

HTF Heat Transfer Fluid Pd Desorption Pressure 

LHV Low Heating Value Ps Supply Pressure 

MHFC Metal Hydride Fuel Cell Ta Absorption Temperature 

MH Metal Hydride Td Desorption Temperature 

PCM Phase Change Material wt.% Weight Percentage of H2 to MH 

PCT Pressure Concentration Isotherm η Efficiency 

 

1. Introduction 

The global shift toward low-carbon energy systems has intensified research into efficient 

methods for hydrogen production, storage, and utilization [1]. Hydrogen is widely recognized 

as a versatile energy carrier with high gravimetric energy density and zero carbon emissions at 

the point of use [2]. However, the viability of hydrogen-based energy systems depends strongly 

on the development of integrated technologies capable of producing, storing, and converting 

hydrogen in a safe, efficient, and economically feasible manner [3]. As the global demand for 

sustainable and clean energy sources grows, hydrogen is emerging as a promising energy 

carrier due to its high energy density and environmentally benign by-products [4,5]. Hydrogen 
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can be produced through several methods, including steam methane reforming (SMR), coal 

gasification, biomass conversion, water electrolysis, etc [6–8]. However, water electrolysis 

produces hydrogen by splitting water into hydrogen and oxygen using electricity, and when 

powered by renewable energy sources such as solar, wind, or hydropower, it generates virtually 

zero greenhouse gas emissions. Although electrolysis is currently more expensive and energy-

intensive than conventional methods, its environmental benefits, scalability, high hydrogen 

purity, and compatibility with renewable energy make it the most sustainable and promising 

hydrogen production method for a low-carbon future [9]. Among the various electrolysis 

technologies, hydrogen production using AEM electrolysers is considered a cost-effective 

approach, as it combines the advantages of both alkaline and PEM electrolysers whilst 

delivering high-purity hydrogen at relatively lower cost [10,11]. Electrolyser technology plays 

a crucial role in the production of clean hydrogen, particularly when surplus renewable energy 

is available. The generated hydrogen can subsequently be utilized to meet energy demands 

during periods of limited renewable energy supply. Therefore, hydrogen storage serves as an 

essential link in ensuring a continuous and reliable supply of clean energy [12,13].   

Among various hydrogen storage technologies, MH based systems offer a safe, compact, and 

efficient method for both stationary and mobile applications [14]. These systems utilize 

reversible chemical reactions between hydrogen and metal alloys to form MH, enabling 

controlled hydrogen absorption and desorption under moderate temperatures and pressures 

[15]. These materials absorb hydrogen via reversible chemisorption, enabling stable and long-

term storage with minimal losses. Moreover, the exothermic and endothermic thermal 

phenomena associated with hydrogen absorption and desorption can be harnessed for 

additional thermal management benefits [16]. A wide range of MH alloys has been extensively 

investigated for hydrogen storage applications owing to their favourable thermal characteristics 

[17]. Among these, AB5-type alloys are the most widely studied due to their stability and ability 

to store hydrogen at relatively low pressure and near-ambient temperature [18]. LaNi5 serves 

as a base MH material and can be further tailored through elemental substitution to meet 

specific application requirements. The tailoring characteristics of MH materials makes it 

flexible to be adopted for various engineering applications such as hydrogen purification, 

heating, cooling, hydrogen compression, etc. [16]. Liu et al. [19] studied H2 storage property 

optimisation of LaNi5 with alloy tailoring through element substitution through modelling and 

experimental test programme involving substitution of Ni5 with 8 other elements, Cu, Cr, Mn, 

Pd, Sn, Zn, Co, and Fe. The results showed, that ball milling and the addition of Cr to LaNi5, 
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led to formation of LaNi4Cr with improved properties, such as enthalpy of formation compared 

to the other elements.  

Dashbabu and Kumar [20] examined compression performance of tailored AB5 alloy, LaNi5-

xMx (where M = Al, Fe and Mn). Their study was conducted over an absorption temperature 

range between 20 °C and 40 °C and a desorption range between 80 °C and 140 °C. Within these 

conditions, LaNi4.8Al0.2 achieved the best overall performance and compression ratio of 4.2; 

however, the storage capacity decreased from 1.4 wt.% to 1 wt.% at the higher absorption 

temperatures compared to LaNi5. A recent review by Larpruenrudee et al. [21] provides a 

comprehensive assessment of MH hydrogen storage systems, including their performance and 

economic aspects. The study also discusses various approaches to enhance reaction kinetics 

within MH beds, such as the incorporation of fins, metal foams, and phase change materials 

(PCMs), along with their impact on storage capacity.  

MH storage is important due to its potential integration with FC technologies, where the stored 

hydrogen can be steadily released to generate electricity through electrochemical conversion 

[22]. This approach is particularly valuable for portable power supplies, backup energy 

systems, and transportation applications, where reliability and safety are critical. Additionally, 

the exothermic nature of hydrogen absorption and the endothermic requirement for desorption 

provide a unique advantage in thermal management and cooling applications [23]. The heat 

released or absorbed during these processes can be harnessed for thermal energy storage, 

refrigeration, or waste heat recovery, enhancing the overall efficiency of energy systems [24]. 

This dual functionality supporting both hydrogen energy supply and thermal regulation 

positions MH-based storage systems as a versatile and impactful solution in the transition 

toward a hydrogen-based energy economy. 

In 2021, Kolbig et al [25] reported single and coupled MH reactor systems filled with C5 

Hydralloy (Ti0.95Zr0.05Mn1.46V0.45Fe0.09) suitable for vehicle cooling applications, along with 

LaNi4.85Al0.15 for lubricant preheating. The investigation targeted a cooling temperature range 

of 10 °C to −20 °C. On the heating side, the system achieved a specific heating power of 0.5 

kW/kgMH, sufficient to raise the temperature of 2 L of lubricant by 20 °C. Similarly, Wimmer 

et al. [26,27] reported MH based cooling systems for FC electric vehicles. The study reports 

use of Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn1.5 alloy for high pressure storage, on the MH reactor side 

and low-pressure usage on the FC side, with pressure ratio of 70 bar to 5 bar (14:1) and 

facilitating 5 °C cooling temperature. The study reported specific cooling power of 386 
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W/kgMH at 30 K lift and 229 W/kgMH at 40 K lift respectively. In a subsequent study, Wimmer 

et al. [27] introduced a novel reactor design incorporating microfluidic channels, achieving an 

improved specific cooling power of 533 W/kgMH. Melnik et al. [28] reported the coupling of a 

1 kW FC with MH-based preheaters to enhance cold-start performance and mitigate FC 

degradation during operation below 0°C. The system maintained a stable voltage of 0.6–0.7 V, 

compared to a drop to 0.45 V without the preheaters. Nyamsi et al. [29], reported theoretical 

investigation on MH-PCMFC coupling, for light duty vehicle applications. The PCM used in 

the system facilitated uniform desorption conditions for the MH reactor, causing prolonged 

desorption at fixed rate. Chabane et al. [30] studied energy management aspects for the coupled 

MHFC system. The study concludes efficient coupling of MHFC based on required power and 

thermal behaviour of the FC. Similarly, Parida et al. [22] reports results of experiments on MH 

system and uses experimental outcomes to simulate PEMFC H2 supply conditions. The study 

shows, maintaining 40 °C desorption temperature was required to sustain continuous operation 

of 1 kW FC, with heat input of 125-225 W, highlighting potential thermal coupling.  

Integrating hydrogen storage with end-use systems enhances both energy efficiency and system 

compactness. Coupling a MH storage reactor with a FC allows hydrogen to be released on 

demand to generate electrical power. The endothermic desorption process can also provide a 

useful cooling effect, offering a dual function of energy conversion and thermal regulation. 

When combined with AEM electrolytic hydrogen production, this integrated system represents 

a closed-loop, flexible, and potentially renewable solution for distributed power generation and 

thermal management. 

Several independent studies have been performed on MH based hydrogen storage systems for 

various engineering applications [31–36], electrolysers [37–39], and the FCs [40–44]. 

However, only a small number of studies in the literature that demonstrate the physical 

integration of an electrolyser, a MH reactor, and a FC system as a unified setup. This identified 

research gap, along with the growing need for decarbonized energy systems, highlight the 

potential practical benefits of such integrated configurations. In particular, the ability to 

develop a clean energy system capable of delivering multiple outputs presents a promising 

pathway for future energy solutions. This has served as the primary motivation in defining the 

objectives of the present work. Considering this research gap, the present study focuses on the 

experimental investigation of system integration, wherein an AEM electrolyser is coupled with 

a MH system during the absorption half-cycle, and the MH system is further coupled with a 4 

kW PEMFC during the desorption half-cycle. The MH system is filled with 20 kg of LaxCe1-
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x(NiCoAl)5 with storage capacity of ~3300 l H2. The experiments are focused on providing 

efficient coupling at ambient conditions and evaluating the production of cooling and heating 

to demonstrate the feasibility for mobile refrigeration systems and space heating applications. 

This research investigates the design, operation, and performance of an integrated energy 

system comprising an AEM electrolyser for hydrogen production, a MH reactor for storage, 

and a FC for power generation and auxiliary cooling. The study aims to evaluate system-level 

behaviour, identify key performance constraints, and provide insights into the techno-thermal 

interactions that govern overall efficiency. The resulting analysis contributes to the 

advancement of compact hydrogen-based energy technologies suited for applications in 

portable power, microgrids, and renewable-energy-powered systems.  

2. Experimental Investigations 

As depicted in Figures 1a and 1b, the experimental test facility consists of: i) a MH reactor 

filled with 20 kg LaxCe1-x(NiCoAl)5, a heater and chiller arrangement to facilitate HTF at 

required temperatures during the experiments, ii) Coriolis mass flow metre to record H2 flow, 

iii) HTF flow metre, iv) pressure transducers, v) a data acquisition system, vi) compressed H2 

tank, vii) H2 pressure regulators, viii) 4 kW PEMFC, ix) AEM Electrolyser and, x) a DC load 

bank. The gas circuit involves appropriate valving arrangement to direct the flow as per test 

conditions.  

The reactor is of a shell-and-tube arrangement, incorporating 76 embedded cooling tubes 

(ECTs) to enhance heat removal from the MH bed during hydrogen absorption and desorption 

processes (Figure 1b). It was designed to accommodate 20 kg of AB5 alloy, and has dimensions 

of 1000 mm length and 114.3 mm diameter (schedule 40 pipe). Each ECT had an outer diameter 

of 6.35 mm and a wall thickness 0.88 mm. A sintered stainless steel (SS316) porous tube with 

a pore size of 2 µm was installed to facilitate uniform hydrogen supply and discharge within 

the reactor. This porous element is positioned centrally along the longitudinal axis, serving both 

as gas distributor and structural support to retain and stabilize the MH alloy within the bed 

during operation. Hydrogen for the experimental study was generated using an AEM 

electrolyser operating at a pressure of ~35 bar. The system is comprised of three standard 

Enapter EL 2.1 stacks connected in parallel, delivering a total hydrogen production capacity of 

1500 Nl/h with a purity of 99.99%. The electrolyte used was a 1% KOH solution, with a total 

deionised water consumption of 1.2 l/h (0.4 l/h per stack), continuously supplied via a 

deionisation unit. A 4 kW air-cooled PEM electrolyser is employed to power a DC load bank, 
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enabling controlled loading in the range of 1–3.5 kW. This arrangement ensured that the FC 

operated within a safe and stable regime. The PEMFC system consists of three stacks, each 

containing 24 cells. For optimal performance, the FC requires a steady hydrogen supply 

pressure between 0.5 and 0.8 bar, which, during the tests, was maintained using a two-stage 

pressure regulator on the hydrogen supply line. 

 

 

 

Reactor specifications: 76 ECT, Material- SS316. 

Figure 1 (a) Schematic diagram of experimental test rig (b) Pictorial view of MH reactor. 

Initially, the AEM electrolyser was operated to charge a compressed hydrogen storage tank to 

a pressure of ~35 bar. This ensured a stable and continuous hydrogen supply to the MH reactor 

during the experiments. Simultaneously, the HTF was circulated through the reactor to 

establish the desired absorption temperature conditions. Once a uniform temperature 
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distribution was achieved within the MH bed, hydrogen was introduced into the reactor to 

initiate the absorption process at a predefined pressure. 

The hydrogen supply pressure was regulated using a flow regulator installed in the gas circuit 

downstream of the compressed tank. Hydrogen flow rate was measured using a Coriolis mass 

flow meter, which provides an accuracy of ±0.25% for H2 flow at pressures above 1 bar, and 

measurement precision of 0.01 gH2s-1. Temperatures within the MH bed, as well as at the HTF 

inlet and outlet, were monitored using T-type thermocouples, offering an accuracy of ±0.5% 

and a precision of ±0.5 °C. The internal pressure of the MH reactor was measured using a 

pressure transducer mounted directly on the reactor and gas circuit, which has an accuracy of 

±0.5% with transient response time of 1 ms. The gas circuit incorporated multiple valves to 

enable flexible flow control depending on the test requirements. A constant-temperature 

recirculating bath was used to maintain the HTF supply temperature, with a 50% ethylene 

glycol–water mixture serving as the working fluid. The HTF flow rate was measured using a 

Picomag flow meter, with an accuracy of ±0.8%, and precision of 0.05 l min-1 

All measuring instruments used in the experiments were pre-calibrated for hydrogen gas at the 

source to ensure reliability and accuracy of the recorded test data. Experimental uncertainty 

was evaluated using the methodology outlined by Kline and McClintock [45]. The maximum 

experimental uncertainty in temperature measurement was ± 0.5 °C, for H2 flow measurement 

±2%, HTF flow ±1.6%, and pressure measurement ±2.5%.  

Upon completion of the absorption half-cycle, the reactor temperature was brought to 25 °C 

using the recirculating temperature bath. For the desorption half-cycle, the reactor outlet was 

connected to the 4 kW PEMFC, which was further linked to a variable DC load bank and a 

battery system. The hydrogen flow from the reactor to the FC was measured using a Coriolis 

mass flow meter and regulated using a two-stage pressure regulator. To investigate hydrogen 

consumption rates under varying operating conditions, the DC load bank was set at different 

power levels ranging from 1 kW to 3.5 kW across multiple experimental runs. Concurrently, 

the temperature and pressure within the MH reactor were monitored to evaluate the cooling 

effect associated with the endothermic desorption process, as well as to quantify the rate of 

hydrogen consumption. Absorption and desorption half cycle were carried out for a range of 

parameters depicted in Table 1. 
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Table 1 Parameters for the experimental study 

Type of study Operating parameters System coupled 

MH Alloy activation 

H2 supply pressure: ~20 bar 

Activation Temperature: 5-20 °C 

HTF flow rate: 5 lpm 

MH reactor 

& 

AEM Electrolyser 

H2 storage and heating 

H2 supply pressure: 15, 20, & 25 bar 

Absorption Temperature: 10, 15, & 20 °C 

HTF flow rate: 10 lpm 

MH reactor 

& 

AEM Electrolyser 

H2 to power and 

cooling 

H2 discharge pressure: <0.8 bar 

(considering FC requirement) 

Desorption temperature: 25 °C 

Load: varying between 1 to 3.5 kW 

Run Time: Up to 1 hr 

HTF flow rate: 10 lpm 

MH Reactor 

& 

FC 

 

3. Results and Discussion 

Experiments were performed to activate the MH alloy, and use the MH based hydrogen storage 

system to run the 4 kW FC under various load conditions. The heating and cooling effects 

during absorption and desorption half cycles respectively was evaluated to predict the system 

performance, and feasible coupling with electrolyzer and FC. 

3.1. Alloy Selection and Activation  

Alloy selection for the present study was carried out based on following considerations: 

• High hydrogen storage capacity (~1.5 wt.%): This was a primary consideration to 

ensure a continuous hydrogen supply to the FC over a relatively extended duration. 

• Hydrogen storage at moderate operating conditions: Considering pressure limitation on 

the H2 production side (~35 bar), the alloy was selected to have effective hydrogen 

storage at ~20 bar at ~25 °C absorption conditions. 

• Hydrogen discharge at low temperatures: The target discharge pressure was ~5 bar at 

~0 °C to enable effective integration with a FC system operating in the range of 0.6–

0.8 bar, even under low ambient temperature conditions. 

• High enthalpy of hydrogenation/dehydrogenation: To enable efficient recovery of 

thermal energy in the form of heating and cooling, the alloy was required to maintain 

sufficiently high reaction enthalpy. 

• Low hysteresis: Minimum hysteresis is an important factor to reduce pressure losses 

during desorption and improve overall system efficiency. 
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• Ease of activation: The selected MH should be activated easily with available hydrogen 

pressure at the electrolysers end. 

Based on the above selection parameters, MH alloy LaxCe1-x(NiCoAl)5 (also called Z-139) was 

tailored and obtained as suitable alloy for the present work. The PCT characteristics of the 

selected alloy is depicted in Figure 2. 

  

Figure 2 PCT curve for Z-139 (LaxCe1-x(NiCoAl)5) at (a) 0 °C and (b) 25 °C 

 

To activate the MH bed, the reactor was initially heated to 90 °C under vacuum conditions to 

remove impurities and residual gases. Once a vacuum pressure of 10⁻³ mbar was achieved, the 

MH bed was cooled down to 15 °C to initiate the first activation cycle. Prior to each activation 

cycle, the heating and vacuuming procedure was repeated to ensure consistent initial 

conditions. Once the bed reached a uniform temperature, hydrogen gas at approximately 20 bar 

was introduced into the reactor. As shown in Figures 3a and 3b, the first two activation cycles 

exhibited minimal hydrogen uptake, with 5.6 g and 10.3 g of hydrogen absorbed, respectively. 

Due to the limited hydrogen supply pressure (~35 bar, generated by the AEM electrolyser), the 

third activation cycle was performed at a reduced bed temperature of 5 °C. Lowering the 

absorption temperature increased the pressure differential between the MH bed's equilibrium 

pressure and the hydrogen supply pressure, thereby enhancing the driving force for hydrogen 

absorption. During the third activation cycle, the MH bed absorbed approximately 255 g of 

hydrogen in 6300 s, corresponding to ~1.275 wt.% storage capacity. However, the absorption 

rate was relatively slow, prompting a fourth activation cycle, in which the reactor absorbed 280 

g of hydrogen in 2500 s. In the fifth and final activation cycle, the hydrogen absorption further 

improved, with 295 g absorbed in 1450 s, achieving a storage capacity of ~1.475 wt.%. The 

peak bed temperature during this cycle reached 52 °C, with a corresponding HTF outlet 

a b 

Jo
urn

al 
Pre-

pro
of



 

11 
 

temperature of 41 °C. Given that the storage capacity approached the theoretical value, 

subsequent experiments were conducted with the MH reactor coupled to the PEM FC system. 

 

 

Figure 3. MH alloy activation curve for (a) MH bed temperature variation vs cumulative H2 

stored, (b) Absorption rate vs reactor bed pressure during the activation process. 

3.2 Hydrogen Storage and Heating 

Figures 4a to 4c show the effect of variation of the H2 supply pressure to the MH reactor on H2 

absorption and HTF temperature variation for three absorption temperatures of 10, 15 and 20 

oC. Initially, hydrogen was generated by the AEME at ~35 bar. The produced hydrogen was 

stored in an auxiliary tank and supplied to the MH reactor to maintain the required inlet 

pressure. For the MH material employed, the equilibrium absorption pressure at 25 °C is 

a 

b 
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approximately 20 bar at the mid-plateau region (Figure 2b). Consequently, to ensure effective 

and near-complete hydrogen absorption under the given pressure constraints, operation at 

lower temperatures becomes necessary. Considering this, the hydrogen absorption experiments 

were conducted at supply pressures (Ps) of 15, 20, and 25 bar and absorption temperatures (Ta) 

of 10, 15, and 20 °C to evaluate the absorption kinetics and associated heat generation. All 

absorption and desorption half-cycle experiments were conducted at a constant HTF flow rate 

of 10 L min⁻¹. The heating rate was calculated by multiplying the mass flow rate of the HTF 

by its specific heat and temperature different of the HTF at inlet and outlet of the reactor.  

As shown in Figure 4a, at Ta = 10 °C, ~300 g of hydrogen was absorbed for all supply pressures 

(15, 20, and 25 bar). However, the absorption rate increased with increasing supply pressure. 

A similar trend was observed at Ta = 15 °C (Figure 4b), where the total hydrogen absorbed 

remained at ~300 g for all supply pressures. Nevertheless, the absorption rate at Ta = 10 °C was 

consistently higher than that at Ta = 15 °C for corresponding supply pressures. The shortest 

time to reach full absorption was achieved at Ps = 25 bar and Ta = 10 °C (~1100 s), followed 

by ~1200 s at Ps = 25 bar and Ta = 15 °C. This behaviour is attributed to the higher-pressure 

differential between the hydrogen supply and the equilibrium pressure of the MH bed at lower 

temperatures i.e 10 °C as compared to 15 °C or 20 °C, resulting in the faster absorption rate. 

Since the equilibrium pressure of the MH decreases with decreasing temperature, the resulting 

higher driving force enhances the hydrogen absorption rate. 

At Ta = 20 °C (Figure 4c), complete absorption of ~300 g was achieved only for supply 

pressures of 20 and 25 bar, with the minimum absorption time of ~1550 s at Ps= 25 bar. For Ps 

= 15 bar and Ta = 20 °C, the pressure difference between the supply and equilibrium bed 

pressure was insufficient to drive full absorption, resulting in only ~235 g of hydrogen uptake, 

corresponding to ~78% of the total storage capacity. Therefore, for optimal performance, 

absorption operation should be performed at supply pressures of 20 to 25 bar and Ta ≤ 20 °C.  
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Figure 4: Effect of H2 supply pressure on HTF temperature variation and H2 absorption in 

the MH reactor for absorption temperatures of (a) 10 °C, (b) 15 °C & (c) 20 °C. 
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Figure 5 shows the variation of the instantaneous and cumulative heat output from the MH 

reactor during the absorption half cycle for the selected absorption conditions.  For most 

absorption conditions, the cumulative heating output was nearly uniform, ranging between 

4200 and 4400 kJ. The consistency in the heating output is due to the similar amount of 

hydrogen absorbed (~300 g) in each half cycle, and the reaction enthalpy associated with the 

alloy during the absorption half cycle. However, for Ta = 20 °C and Ps = 15 bar, the cumulative 

heating output decreased to ~3500 kJ due to reduced hydrogen absorption under these 

conditions, which consequently lowered the total heat released, as the net hydrogen absorbed 

for Ta = 20 °C and Ps = 15 bar was ~235 g. This left the MH reactor partially unabsorbed to 

release total heat during the absorption. 

The maximum heat output rate was observed at Ta = 10 °C and Ps = 25 bar, with a peak value 

of ~14.25 kW and an average heat rate of ~4 kW over an absorption duration of ~1100 s. In 

contrast, the minimum heat rate for complete hydrogen absorption (~300 g) occurred at Ta = 

10 °C and Ps = 15 bar, yielding a peak heat output rate of ~11.5 kW and an average of ~1.9 kW 

over a prolonged half-cycle time of ~2020 s. In this case, an estimated heat loss of ~400–500 

kJ was observed, primarily due to increased thermal losses at sub-ambient absorption 

temperatures. This loss corresponds to approximately 10–12% of the net heat generated during 

~300 g of hydrogen absorption. However, similar prolonged absorption for Ta = 15 °C, and Ps 

= 15 bar was observed (~3000 s), but the heat losses were minimum due to comparatively 

lesser gap between ambient temperature and experiments. 

Overall, the results indicate that hydrogen supply pressure has a significant influence on the 

average heat output of the system. Higher supply pressure (25 bar in this study) consistently 

resulted in the highest heat output rates for all three absorption temperatures, with average 

values ranging from ~2.7 to 4 kW. Therefore, operating the absorption process at higher supply 

pressures is recommended to ensure a larger thermodynamic driving force for hydrogen uptake, 

thereby enabling higher and more effective heat output rates. 
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Figure 5: Effect of absorption pressure on heat output during the absorption process in the 

MH bed for absorption temperatures of (a) 10 °C, (b) 15 °C & (c) 20 °C. 
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3.3 Metal Hydride-Fuel Cell Coupling Study 

To investigate the coupling of the MH reactor with a FC power generation system, the MH 

reactor system was connected to the 4 kW PEMFC. The coupled study was performed at MH 

desorption temperature of 25 °C to provide sufficient pressure gradient for hydrogen flow from 

the MH reactor to the PEMFC through the pressure regulators. As depicted in Figure 6a, for 

each run, the load on the FC was varied from 1 kW to 3.5 kW.  Each test run was performed 

for ⁓1 h. Figure 6b shows, the rate of H2 mass flow to the FC from the MH reactor, for 

corresponding load conditions.  

  

 

Figure 6. Plot for (a) DC Load variation during the test run, and (b) corresponding H2 flow 

rate for different load conditions. 

During the initial phase of each test run for different load conditions, a slightly higher hydrogen 

consumption rate was observed. This is attributed to the initial priming of the FC, where 
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residual or diffused atmospheric gases trapped at the anode during the shutdown period were 

purged and replaced by hydrogen. After this priming phase, hydrogen consumption stabilized 

in accordance with the applied load. The average hydrogen consumption at 1 kW load was 

approximately 0.021 g/s. As expected, the hydrogen consumption rate increased with 

increasing load: 0.033 g/s at 2 kW, 0.052 g/s at 3 kW, and 0.062 g/s at 3.5 kW. During the FC 

operation, the system went through automated periodic purging to ensure the isolation of FC 

from impurities. The effect of these automated flushing of gases causes the data fluctuation, 

which can be observed in Figure 6. However, there is no impact on the load, as intermediate 

fluctuation is taken care of by a secondary battery pack, connected to the FC. At the maximum 

load of 3.5 kW, the high hydrogen demand led to a significant pressure drop in the MH bed, 

eventually resulting in inadequate hydrogen supply to the FC and triggering an automatic 

shutdown to protect the system, after 50 minutes of operation.  

Figure 7 illustrates the pressure variation within the MH bed, along with the hydrogen supply 

pressure delivered from the MH reactor to the FC. The required supply pressure for continuous 

FC operation was maintained within the range of 0.4–0.8 bar. Periodic pressure spikes observed 

at regular intervals are attributed to the FC purging process, which serves as a protective 

mechanism to prevent contamination of the FC stack 

 

Figure 7. Variation of MH bed pressure and H2 pressure at supply of FC under various loads. 

It is evident that increasing the electrical load on the FC leads to a corresponding decrease in 

the MH bed pressure. This behaviour arises from the higher hydrogen flow demand under 

increased load conditions, which intensifies the endothermic desorption reaction within the MH 
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bed. The enhanced desorption results in bed cooling and a consequent reduction in equilibrium 

pressure, which lowers the available hydrogen pressure at the reactor outlet. As a result, under 

higher load conditions of 3.5 kW, the FC operation was terminated before the intended set 

duration of 1 h due to insufficient hydrogen supply pressure. 

Figure 8a illustrates the variation in MH bed temperature and HTF temperature during FC 

operation, along with the corresponding cooling effect generated (Figure 8b) due to 

endothermic desorption in the MH reactor. The results show that as the load on the FC was 

increased, the temperature drop within both the MH bed and the HTF outlet also increased. 

This was due to a higher hydrogen desorption rate within the MH reactor to cope with increased 

hydrogen demand by FC at elevated loads, which intensified the endothermic reaction and 

enhanced the cooling effect. The cooling output varied between 0.2 kW and 0.75 kW for load 

condition of 1 kW to 3.5 kW, with MH bed attaining minimum temperature of ~21.5 °C, and 

HTF at ~24 °C, for 10 lpm flow. During the initial ~1000 s of operation, the hydrogen 

desorption rate was higher for all load conditions due to the FC priming phase, during which 

residual gases from the previous operating cycle were purged. After this transient period, 

hydrogen consumption stabilized, resulting in a steady desorption rate and a correspondingly 

stable cooling output for the remainder of the operation. The maximum cumulative cooling 

was achieved at load conditions of 3 kW and 3.5 kW, with a total cooling output of 

approximately 2200 kJ. 
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Figure 8. (a) Variation in the temperature of MH system, and (b) cooling obtained during 

MH-FC coupling 

During FC operation, parasitic losses arise from operation of auxiliary components such as 

fans, sensors, and control electronics. These additional parasitic loads are illustrated in Figure 

9a, Figure 9b show the temperature variation at inlet and outlet of the FC stack with different 

load.  

It can be seen from Figure 9a, that the parasitic load increased from 0.04 kW to 0.08 kW with 

increasing load from 1 kW to 3.5 kW, respectively. This trend clearly indicates a direct 

correlation between the FC load and parasitic power consumption due to increased thermal 

management requirements. Figure 9b, shows that increasing the load from 1.0 kW to 3.5kW 

increases the stack temperature from approximately 20 °C to 44 °C. For efficient operation of 

the FC, the maximum stack temperature needs to be maintained between 40-45 °C. Higher 

temperatures necessitate higher rate of cooling, that requires higher fan speed and power 

consumption. 
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Figure 9. (a) Plot of parasitic power and (b) FC stack temperature under different load 

conditions 

The FC efficiency under varying load conditions was analysed and is presented in Figure 10. 

It was calculated using equation 1, which relates the electrical energy output to the input energy 

from the hydrogen fuel. The Lower Heating Value (LHV) of hydrogen, 120 MJ/kg was 

considered in the calculations. Based on the analysis, FC efficiency ranged from 40% to 53%, 

as the load increased from 1.0 to 3.5 kW. 

𝐹𝑢𝑒𝑙 𝑐𝑒𝑙𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡 

𝐹𝑢𝑒𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 (𝐻2)
× 100    (eq. 1) 
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Figure 10 LHV efficiency of the FC vs load. 

It was an interesting observation, that the efficiency near the higher load conditions was higher 

compared to the lower load case. However, at the peak load of ⁓90 % (3.5 kW), there was a 

drop in efficiency to 47%. This was due to losses at the gas-catalysis interphase. Additional 

parasitic losses due to higher fan power to meet FC cooling demand at higher load was also 

one of prominent reasons for lower efficiency at ~90% load conditions. It is therefore 

preferred, for maximum efficiency, to operate the FC between 50-75% load conditions. 

4. Conclusions 

This study demonstrated the effective coupling of a MH storage system with a PEM FC. A total 

of 20 kg of LaxCe1-x(NiCoAl)5 alloy was filled into a 76 ECT reactor, achieving a hydrogen 

storage capacity of ~3300 litres at 20 bar and 5 °C under activation conditions. The reactor 

shows maximum cumulative heating output of 4400 kJ, with 4 kW heating rate. The MH system 

successfully supplied hydrogen to a 4 kW PEM FC under varying load conditions, maintaining 

continuous operation. Additionally, the system generated a cooling effect of 0.75 kW during 

operation, demonstrating its potential for simultaneous clean power generation and thermal 

management. 
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The FC efficiency ranged between 40% - 53%, based on the LHV of hydrogen and DC load on 

the FC. For optimal performance and extended system life, it is recommended to operate the 

FC between 50-80% load conditions. Due to the 4 kW load limitation in this study, the 

hydrogen discharge rate, and consequently the cooling effect was constrained. Coupling the 

same MH system to a higher-capacity FC could enhance hydrogen discharge and increase the 

cooling output. Integrating two MH reactors could also enable continuous cooling, making the 

system suitable for mobile applications, such as refrigeration in refrigerated transport systems. 

The material used in the present work limited the cooling delivery temperature to ~5 °C. The 

use of alternative high pressure and low temperature materials should enable, subzero 

temperatures to be attained, and larger capacity FCs to be operated. This will be the subject of 

further investigation to be carried out in the future.  
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Highlights 

• Reports experimental study on Metal Hydride (MH)-Fuel Cell (FC) system integration 

• Presents heating output from MH system during H2 absorption from electrolyser 

• Reports feasibility of MH-FC system coupling under variable load.  

• Presents cooling, power output, efficiencies, and parasitic losses for the integrated system. 
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