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Abstract 

Solid-state hydrogen storage in the form of a metal hydride has emerged as a safe and low-pressure storage solution 
with a competitive volumetric energy density. In this technology, hydrogen is stored in a hydride-forming metal, 
specifically, LaNi4.9Sn0.1 metal hydride in this study, through exothermic absorption, which can then be discharged 
through endothermic desorption. This results in a complex system where the rate of sorption is dependent on external 
factors as well as internal factors, making control of the unit difficult. This study focuses on the sensitivity analysis of 
a metal hydride reactor to deepen the understanding of the unit’s operation outside of normal operation conditions. 
This was done using an experimentally validated computational fluid dynamics model, which reduces risks to the unit 
and costs of taking the unit out of circulation to conduct this study. The simulation model performed to satisfactory 
levels with an R-squared of greater than 0.9 and minimal mean squared error. The sensitivity analysis showed that 
during hydrogen charging, there is a slowing effect experienced at higher cooling fluid temperatures with an 
accelerating effect at higher feed gas pressures. The sensitivity analysis showed a similar relationship, just inverse, 
was observed during hydrogen discharging, with the required gas pressure slowing the rate of hydrogen flow and 
higher heating fluid temperatures accelerating the hydrogen flow rate. Finally, the sensitivity analysis showed that 
there is a certain innate thermodynamic limit beyond which the operation slows to a crawl or stops completely. 

Keywords 
Metal Hydride Reactors, Computational Fluid Dynamics, Sensitivity Analysis, Solid-Phase Hydrogen Storage, 
Hydrogen Energy. 

1. Introduction
1.1 Background and Justification
The world’s energy demand is increasing, and with the looming threat of climate change, high oil prices and the
inevitable depletion of fossil fuels, the world is in dire need of alternative energy solutions. The effect is that renewable
energy research has gotten momentum, among these possible replacements for conventional petroleum-based fuel
(Abdechafik et al., 2024). Hydrogen is an abundant and clean energy carrier with the highest energy density (Li et al.,
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2024), in terms of mass, for all known non-nuclear fuels. Hydrogen storage can either be in gas form, liquid form or 
employing chemical-physical methods (Yartys & Lototsky, 2004; Abdechafik et al., 2024). 
  
The United States of America’s Department of Energy has made available sixty-four million dollars in funding for 
eighteen projects to advance the Hydrogen at Scale (H2@Scale) concept. H2@Scale is an endeavour to test the 
potential of the hydrogen economy at a macro scale. Figure 1 below illustrates the conceptual framework in which 
H2@Scale would be integrated into the existing infrastructure (Hydrogen and Fuel Cell Technologies Office, 2020).  
 

 
 

Figure 1. United States of America’s H2@Scale concept (Hydrogen and Fuel Cell Technologies Office, 2020) 

 
Excess energy would be used to generate hydrogen for numerous industrial uses such as fuels, fertilisers, chemical 
products and power storage. Power storage through hydrogen would be used in tandem with conventional energy 
storage methods as well as lower the dependency on natural gas for heating. Key aspects of the framework are denoted 
in the plan to use the existing nationwide gas infrastructure to transport the hydrogen to each destination for use 
(Hydrogen and Fuel Cell Technologies Office, 2020; Handique et al., 2024; Jeje et al., 2024).  
 
The main challenge facing hydrogen energy is the effective storage of hydrogen, with the main goal of hydrogen 
storage innovation being to achieve lightweight and compact solutions to satisfy mobile storage needs (Prachi et al. 
2016; Qureshi et al., 2024).  
 
Hydrogen can be stored using conventional methods, such as cryogenic liquefaction and gas compression, or using 
physical-chemical methods (Yartys & Lototsky, 2004; Prachi et al. 2016; Drawer et al. 2024). Conventional methods 
are characterised as physical processes where the hydrogen does not undergo chemical interactions, whereas physical-
chemical methods involve some form of chemical change (Yartys & Lototsky, 2004; Drawer et al. 2024). Furthermore, 
conventional hydrogen storage tends to be bulky and heavy, while physical-chemical hydrogen storage is lighter and 
more compact (Prachi et al. 2016; Drawer et al. 2024).  
 
Gas-state hydrogen storage, otherwise known as compression-based hydrogen storage, is housed in gas cylinders, 
underground cavities like cave systems or mines and inside storage pipelines. Bulk storage of hydrogen in the gas 
state requires high pressures, which can pose safety risks and necessitate heavy tanks, significantly reducing the 
gravimetric energy density of the hydrogen storage (Churchard et al., 2011; Prachi et al. 2016; Li et al., 2022; 
Abdechafik et al., 2024; Drawer et al. 2024). 
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Liquid-state hydrogen storage comes in two forms: cryogenic-based hydrogen storage and physical-chemical-based 
storage. Conventional storage refers to cryogenic storage tanks where the hydrogen is cooled into a liquid state and 
stored under low temperatures to maintain that state (Churchard et al., 2011; Prachi et al. 2016; Abdechafik et al., 
2024; Drawer et al. 2024).  
 
In contrast, physical-chemical storage involves the reaction of hydrogen into a liquid phase, resulting in the formation 
of liquid hydrides and combustible chemicals, such as methanol and ammonia (Churchard et al., 2011; Prachi et al. 
2016).  
 
Hydrogen cryogenic liquefaction, however, is a highly energy-exhaustive process. Furthermore, long-term storage 
losses may be significant, as hydrogen may boil off or require continuous refrigeration and compression maintenance 
(Churchard et al., 2011; Prachi et al. 2016; Drawer et al. 2024). 
 
Solid-state hydrogen storage involves bulk sorption into metals to form metal hydrides. Hydrogen can then be 
recovered from metal hydrides using thermal stimulation. Moreover, solid hydrogen storage addresses the challenges 
faced by physical liquid and gas state storage solutions (Ghritalahre et al., 2023). Besides metal hydride forming 
metals zeolites, metal-organic-frameworks, and carbon nanotubes can also undergo sorption of hydrogen (Yartys & 
Lototsky, 2004; Churchard et al., 2011; Prachi et al. 2016; Abdechafik et al., 2024; Drawer et al. 2024). 
 
Solid-state hydrogen storage, specifically hydride-forming metal solid-state hydrogen storage, has emerged as a 
possible solution to the storage challenges (Prachiet al. 2016; Busqué et al., 2017; Dong et al., 2022; Salman et al., 
2022; Cavo et al., 2023). Hydrogen energy systems have decoupled power and energy features, allowing for cost-
effective expansion and large-scale hydrogen-based energy storage, which is more economical than alternatives. 
However, high-pressure hydrogen storage results in a higher amount of maintenance, repair and expert operators 
(Bellosta von Colbe et al., 2019).  
 
This makes these storage solutions unideal for off-grid applications and hydride-based storage solutions superior to 
off-grid applications (Bellosta von Colbe et al., 2019). A 5 kW hydrogen fuel cell metal hydride system can be fully 
recharged in around 20 min (Song et al., 2014; Lototskyy et al., 2017). Furthermore, hydrides also act as compressors 
for hydrogen without the need for mechanical systems to achieve the desired pressures (Lototskyy et al., 2018; Tarasov 
et al., 2020).  
 
Hydrogen storage densities of the three hydrogen storage states are vastly different in comparison. It should be noted 
that at room temperature and 10 megapascals, gas state hydrogen reaches approximately 7.5 g/L. In contrast, liquid-
state hydrogen achieves approximately 30 g/L at 30 megapascals and nearly 50 g/L at 100 megapascals (Aziz, 2021). 
However, most hydrides exceed 40 g/L hydrogen capacity, with some hydrides exceeding 100 g/L hydrogen capacity 
at maximum capacity while struggling with gravimetric capacity (Pasini et al., 2013). 
 
1.2 Aim and Objectives 
This study aimed to perform a sensitivity analysis of a metal hydride reactor. This was done by formulating a metal 
hydride reactor model in a computational fluid dynamics simulation environment. This model was then validated 
using experimental data to show that the model represents, to a satisfactory degree, what could be experienced 
experimentally. Finally, this model is then used to perform a sensitivity analysis regarding the feed gas pressure and 
cooling fluid temperature for charging. While discharging the required gas pressure and the heating fluid temperature 
were then considered. 
 
2. Literature Review 
In selecting a non-ideal gas-metal isotherm model, the model published by Lototskyy (2016) is semi-empirical. It 
allows the model to capture accurate isotherms where multiple plateaus regarding pressures occur in more complex 
hydride-forming metal alloys. 
 
The non-ideal gas-metal isotherm model published by Lototskyy (2016) was adapted to be used in this study. The 
model is semi-empirical and calculates the concentration (C) of hydrogen inside the lattice as a function of pressure 
(P) and temperature (T). The total model consists of forty-five Equations, some of which require numerical 
differentiation and integration to solve.  
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Figure 2 shows a flow chart of the logical progression of the model. This progression has been divided into ten 
analytical steps with Pressure and Temperature along with Pressure-Concentration-Temperature (PCT) Parameters as 
the inputs and the output as Concentration (Faurie & Premlall, 2025).  

 
 
Figure 2. Flow chart showing steps adapted model used to calculate metal hydride Isotherm (Faurie & Premlall, 2025). 
 
Figure 3 shows the simulation performance in calculating the pressure-concentration-temperature isotherms for the 
three different types of AB5 hydride-forming metal. Here, pressure is in atmospheres (atm), and concentration is in 
normal litres per kilogram (NL/kg) (Faurie & Premlall, 2025). 
 
In Figure 3, each colour represents a different temperature and, by extension, a different pressure-concentration 
isotherm. Moreover, the solid markers and solid line represent absorption experimental data and the absorption 
simulation, respectively. The hollow markers and dashed lines represent the desorption experimental data and the 
desorption simulation, respectively (Faurie & Premlall, 2025). 
 
The model prediction closely follows the experimental data overall. It does this regardless of the different temperatures 
and the hydride-forming metal's several plateaus. This holds for both the absorption and desorption isotherms. The 
only exception is on the 294 K absorption isotherm the model deviates significantly from the experimental data.  
This error occurs as the model divides isotherms into segments to account for isotherms having multiple plateau 
phenomena regarding logarithmic pressure. Thus, during fitting, a secondary plateau was incorrectly placed on the 
294 K. However, this still resulted in the best fit currently and was, as such, still used in the simulation of the isotherms 
represented in Figure 3 (Faurie & Premlall, 2025). 
 
The model prediction closely follows the experimental data overall. It does this regardless of the different temperatures 
and the hydride-forming metal's several plateaus. This holds for both the absorption and desorption isotherms. This 
resulted in the best fit currently and was, as such, still used in the simulation of the isotherms represented in Figure 3 
(Faurie & Premlall, 2025). Regarding the error analysis performed, a very low two-dimensional error fell below 0.15 
absolute two-dimensional error (Faurie & Premlall, 2025). 
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Figure 3. LaNi4.9Sn0.1 Isotherm simulation. Solid and hollow markers represent experimental absorption and 
desorption data, respectively. Similarly, solid lines and dashed lines represent simulated absorption and desorption 
data. Each isotherm pair is labelled with the temperature (Faurie & Premlall, 2025). 

Table 1 represents the isotherm fitting parameters for the specific LaNi4.89n0.1 hydride-forming metal alloy (Lototskyy, 
2016; Faurie & Premlall, 2025). 

Table 1. PCT Isotherm fitting parameters (Lototskyy, 2016; Faurie & Premlall, 2025) 
 

Parameter LaNi4.9Sn0.1 
 Segment 1 Segment 2 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 0.188  
W 0.29 0.71 

𝑇𝑇𝐶𝐶 (K) 471 465 
Δ𝑆𝑆0 (J/mol-H2-K) -74.5 -108.0 
Δ𝐻𝐻0 (J/mol-H2) -22907 -33008 
Δ𝐺𝐺ℎ(J/mol-H2) 2373 1079 

𝑤𝑤0𝐴𝐴 0.199 0.137 
𝜂𝜂0𝐴𝐴 0.59 0.69 
𝐴𝐴0𝐴𝐴 2.164 0.005 
𝑠𝑠0𝐴𝐴 0.88 0.90 
𝑤𝑤0𝐷𝐷 0.195 0.140 
𝜂𝜂0𝐷𝐷 0.61 0.43 
𝐴𝐴0𝐷𝐷 1.142 0.108 
𝑠𝑠0𝐷𝐷 0.88 0.90 
𝑚𝑚 0.097 0.209 

𝑇𝑇0 (K) 396 461 
𝜌𝜌𝑆𝑆𝑆𝑆 0.5616 0.6502 
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Considering the modelling of metal hydride reactors, the rate of sorption of a metal hydride is described by Baldissin 
and Lombardo, (2009) as the following: 

𝑚̇𝑚 = 𝐶𝐶𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐴𝐴
𝑅𝑅𝑅𝑅
� ln � 𝑃𝑃𝑔𝑔

𝑃𝑃𝑒𝑒𝑒𝑒
� (𝜌𝜌𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑠𝑠) (1) 

𝑚̇𝑚 = 𝐶𝐶𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐷𝐷
𝑅𝑅𝑅𝑅
� 𝑃𝑃𝑔𝑔−𝑃𝑃𝑒𝑒𝑒𝑒

𝑃𝑃𝑒𝑒𝑒𝑒
(𝜌𝜌𝑠𝑠 − 𝜌𝜌0) (2) 

Here, Equation 1 is relevant for absorption and Equation 2 is relevant for desorption. This is derived from the unsteady 
state relationship between the bed density and sorption rate described by Akanji et al., (2010) and Jemni et al., (1999): 

(1 − 𝜀𝜀) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑚̇𝑚 (3) 
Here: 

𝑚̇𝑚 -  Hydrogen sorption rate in 
mass/volume/time 

𝜌𝜌0 -  Standard hydride density 

𝜌𝜌𝑠𝑠 -  Dynamic hydride density 𝜌𝜌𝑠𝑠𝑠𝑠 -  Final saturated hydride density 
𝐶𝐶𝐴𝐴 -  Absorption rate constant 𝐶𝐶𝐷𝐷 -  Desorption rate constant 
𝐸𝐸𝐴𝐴 -  Absorption activation energy 𝐸𝐸𝐷𝐷 -  Desorption activation energy 
𝑃𝑃𝑔𝑔 -  The pressure of the gas in the 

tank 
𝑃𝑃𝑒𝑒𝑒𝑒 -  The pressure of the gas in the 

hydride 
𝑇𝑇 -  Temperature 𝑅𝑅 -  Ideal gas constant 
𝜀𝜀 -  Porosity 𝑡𝑡 -  Time 
𝜕𝜕 -  Partial differential 𝜌𝜌 -  Hydride density 

 
Here dynamic hydride density is defined as: 

𝜌𝜌𝑠𝑠 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (4) 
The Concentration (C) of hydrogen in the metal hydride is described by Lototskyy (2016) as: 

𝐶𝐶 = 𝐻𝐻
𝑀𝑀

 (5) 
Here: 

𝐶𝐶 -  Concentration 𝐻𝐻 -  Moles of hydrogen 
𝑀𝑀 -  Moles of metal hydride    

      
Which can be used as a governing Equation and expanded to the following: 

𝐶𝐶𝑠𝑠 = �𝐻𝐻
𝑀𝑀
�
𝑠𝑠
 (6) 

𝐶𝐶𝑠𝑠𝑠𝑠 = �𝐻𝐻
𝑀𝑀
�
𝑠𝑠𝑠𝑠

 (7) 
Here: 

𝐶𝐶𝑠𝑠 -  Dynamic hydride 
concentration 

𝐶𝐶𝑠𝑠𝑠𝑠 -  Final Saturated hydride 
concentration 

�
𝐻𝐻
𝑀𝑀
�
𝑠𝑠
 -  Saturated molar hydrogen to 

metal ratio �
𝐻𝐻
𝑀𝑀
�
𝑠𝑠𝑠𝑠

 -  Final Saturated molar 
hydrogen to metal ratio 

      
Based on the model used by Mellouli et al., (2009), Equations 8 and 9 can be defined using a concentration in place 
of density as expressed by: 

𝑚̇𝑚 = 𝐶𝐶𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐴𝐴
𝑅𝑅𝑅𝑅
� ln � 𝑃𝑃𝑔𝑔

𝑃𝑃𝑒𝑒𝑒𝑒
� �𝜌𝜌𝑠𝑠𝑀𝑀𝑔𝑔

𝑀𝑀𝑠𝑠
� ( 𝐶𝐶𝑠𝑠𝑠𝑠 − 𝐶𝐶𝑠𝑠) (8) 

𝑚̇𝑚 = 𝐶𝐶𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐷𝐷
𝑅𝑅𝑅𝑅
� �𝑃𝑃𝑔𝑔−𝑃𝑃𝑒𝑒𝑒𝑒

𝑃𝑃𝑒𝑒𝑒𝑒
� �𝜌𝜌𝑠𝑠𝑀𝑀𝑔𝑔

𝑀𝑀𝑠𝑠
� (𝐶𝐶𝑠𝑠) (9) 

 
Here: 

𝑀𝑀𝑠𝑠 -  Molar weight of solid hydride 𝑀𝑀𝑔𝑔 -  Molar weight of hydrogen 
      

 
Table 2 represents the sorption model used for the computational fluid dynamics simulation. 
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Table 2. Sorption model parameters 

Parameter Symbol Value 

Initial hydride density 𝜌𝜌0 8400 kg m-3 (Walker, 2008) 

Hydride molecular weight 𝑀𝑀𝑠𝑠 432 kg kmol-1  
(Calculated from composition) 

Hydrogen molecular weight 𝑀𝑀𝑔𝑔 2 kg kmol-1 (Baldissin & Lombardo, 2009) 

Hydride specific heat 𝐶𝐶𝑝𝑝𝑝𝑝 356 J kg-1 K-1 (Dehouche, et al. 2005) 

Hydrogen specific heat 𝐶𝐶𝑝𝑝𝑝𝑝 14890 J kg-1 K-1 (Baldissin & Lombardo, 2009) 

Reaction enthalpy ∆𝐻𝐻0 -40000 J mol-1 (Fitted) 

Reaction entropy ∆𝑆𝑆0 -110 J kg-1 K-1 (Fitted) 

Absorption kinetic constant 𝐶𝐶𝐴𝐴 1 s-1 (Fitted) 

Absorption activation energy 𝐸𝐸𝐴𝐴 19000 J mol-1 (Fitted)  

Desorption kinetic constant 𝐶𝐶𝐷𝐷 3.5 s-1 (Fitted) 

Desorption activation energy 𝐸𝐸𝐷𝐷 25000 J mol-1 (Fitted)  
 
The flow of the hydrogen gas can be simplified to Darcy’s Law to account for the pressure drop over the porous bed 
represented by Equations 3.48 and 3.49 (Wang et al., 2019). 

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜀𝜀𝑝𝑝𝜌𝜌� + ∇(𝜌𝜌𝜌𝜌) = 𝑄𝑄𝑚𝑚 (10) 

𝑢𝑢 = −𝐾𝐾
𝜇𝜇
∇𝑝𝑝 (11) 

Likewise, the flow of heat in the porous bed can be simplified to a porous heat conduction law which combines 
convective and conductive heat transfer represented by Equations 3.50 and 3.51 (Wang et al., 2019). 

�𝜌𝜌𝐶𝐶𝑝𝑝�𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝐶𝐶𝑝𝑝𝑢𝑢 ∙ ∇𝑇𝑇 + ∇𝑞𝑞 = 𝑄𝑄 + 𝑄𝑄𝑣𝑣𝑣𝑣 (12) 
𝑞𝑞 = −𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒∇𝑇𝑇 (13) 

3. Methods 
Figure 5 shows the experimental setup of the metal hydride reactor, which consists of a single internal and single shell 
pass system as a hybrid of the conventional designs filled with LaNi4.9Sn0.1 hydride-forming metal. As a digital 
representation of the setup used by Lototskyy et al. (2018) as seen in Figure 5, Figure 4 illustrates the simulation 
environment geometry, which is a simulation-based likeness under the assumptions of the study. The mesh for the 
simulation had 581 vertices with 1415 elements, with an average mesh quality of 0.6428. 

 
Figure 4. Hydride-based hydrogen compressor simulation environment cross-sectioned geometry 
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Figure 5. Schematic diagram of hydride-based hydrogen compressor (Lototskyy et al. 2018) 

4. Data Collection  
The computational fluid dynamics model and neural network performance were determined by the R-squared statistic 
of the simulated data against the experimental data, represented by Equation 15, and the mean squared error, 
represented by Equation 14.  

𝑆𝑆2 = 1
𝑛𝑛
∑ �𝑌𝑌𝑖𝑖 − 𝑌𝑌�𝑖𝑖�

2𝑛𝑛
𝑖𝑖=1  (14) 

𝑅𝑅2 = ∑ (𝑌𝑌�𝑖𝑖−𝑌𝑌�)2𝑛𝑛
𝑖𝑖=1

∑ (𝑌𝑌𝑖𝑖−𝑌𝑌�)2𝑛𝑛
𝑖𝑖=1

 (15) 

Here: 
𝑠𝑠2 -  Mean squared error 𝑅𝑅2 -  R-squared 
𝑖𝑖 -  Observation number 𝑛𝑛 -  Number of data points 
𝑌𝑌�𝑖𝑖 -  Predicted value 𝑌𝑌𝑖𝑖 -  Observed Value 
𝑌𝑌� -  Observed mean value    

 
Validation data were obtained at normal operational conditions, for charging, water at 15 °C to 20 °C and a feed gas 
pressure around 5 bar were used. On the other hand, for discharging, the desired gas pressure delivered by the unit 
was set at around 16 bar on the regulator, and to achieve that, steam of 135 °C to 145 °C was used.  

5. Results and Discussion 
5.1 Simulation Validation 
Figure 6 demonstrates graphically the accuracy of the computational fluid dynamics model during charging against 
two experimental validation runs. Specifically, in Figure 6A, the hydrogen feed gas pressure was at 5.5 bar with 
cooling fluid at 15 °C and in Figure 6B, the hydrogen feed gas pressure was at 4.9 bar with cooling fluid at 18 °C. In 
Figures 3.5 and 3.6, the abbreviation “sim” is used for the computational fluid dynamics simulation and experimental, 
and “exp” is used.  
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Figure 6. Absorption computational fluid dynamics model validation with time versus concentration and temperature 
with (A) feed gas pressure at 5.5 bar with cooling fluid at 15 °C and (B) feed gas pressure at 4.9 bar with cooling fluid 
at 18 °C 

 
Figure 7 demonstrates graphically the accuracy of the computational fluid dynamics model during discharge against 
two experimental validation runs. Specifically, in Figure 7A the hydrogen discharge gas pressure was at 16.4 bar with 
heating fluid at 135 °C and in Figure 7B the hydrogen discharge gas pressure was at 16 bar with heating fluid at 142 
°C.  
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Figure 7. Desorption computational fluid dynamics model validation with time versus concentration and temperature 
with (A) discharge gas pressure at 16.4 bar with heating fluid at 135 °C and (B) discharge gas pressure at 16 bar with 
heating fluid at 142 °C 

 
Regarding Figure 6A and Figure 6B, both have the same general trend when comparing the experimental with the 
simulated data, with the simulation overshooting for about 40 min and then undershooting passed that point. Similarly, 
regarding Figure 7A and Figure 7B, both have the same general trend when comparing the experimental with the 
simulated data, with overshooting and undershooting on the part of the simulation. 
 
Table 3 represents the summarised validation of the computational fluid dynamics simulation against two charges and 
two discharge experimental trials. With R-squared close to 1 and low mean squared errors, the model performed well, 
with the 4.9 bar 18 °C trial showing a lower-than-desired bed temperature accuracy. 
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Table 3. Computational fluid dynamics model performance as measured against experimental validation trials 
 

Absorption 

Feed gas 
pressure 

Heating fluid 
temperature 

Concentration  
𝑅𝑅2 

Concentration 
𝑆𝑆2 

Bed 
temperature 

𝑅𝑅2 

Bed 
temperature 

𝑆𝑆2 
5.5 bar 15 °C 0.9490 1.01E-4 0.9418 14.59 
4.9 bar 18 °C 0.9240 1.62E-4 0.8598 31.31 

Desorption 

Discharge 
gas pressure 

Heating fluid 
temperature 

Concentration  
𝑅𝑅2 

Concentration 
𝑆𝑆2 

Bed 
temperature 

𝑅𝑅2 

Bed 
temperature 

𝑆𝑆2 
16.4 bar 135 °C 0.9905 7.31E-06 0.9051 7.48 
16 bar 142 °C 0.9510 4.41E-05 0.9443 7.19 

 
5.2 Sensitivity Analysis Results 
Figure 8 illustrates the system sensitivity to feed gas pressure and cooling fluid temperature during hydrogen 
absorption, or charging state, generated by the computational fluid dynamics simulation. Specifically, Figure 8A 
shows the charge as a percentage after 90 minutes of hydrogen absorption. This is the fraction of the equilibrium 
absorption concentration achieved in 90 minutes. 
  
Similarly, Figure 8B shows the equilibrium absorption concentration, thus the highest concentration achievable. These 
are represented in terms of feed gas pressure and cooling fluid temperature. This equilibrium absorption concentration 
was calculated using the isotherm model represented in Figure 3 and would otherwise be the maximum concentration 
achievable at the respective pressure and temperature. 
 
Regarding Figure 8A, at lower cooling fluid temperatures, feed gas pressure seems to have a significant effect. 
However, feed gas pressure at higher cooling fluid temperatures seems to have a much greater effect. Additionally, at 
higher feed gas pressures, the cooling fluid seems to have a reduced effect when compared to the effect it has at lower 
feed gas pressures. 
 
As such, when considering Figure 8A, higher feed gas pressures aid in speeding up the charging process, while higher 
cooling fluid temperatures slow down the charging process. However, the relationship is further complicated by higher 
feed gas pressures counteracting the slowing effect of higher cooling fluid temperatures. Moreover, lower cooling 
fluid temperatures aid in the absorption rate by cooling the bed, lowering the need for higher feed gas pressures. 
 
This is exactly what is hypothesised when considering Equation 8 and the isotherms represented in Figure 3. More so 
when considering Figure 8B, which has a very similar trend to Figure 8A, suggesting a relationship between the 
equilibrium absorption concentration and the charge amount, as well as the charge rate.  
 
Figure 9 illustrates the system sensitivity to required discharge gas pressure and heating fluid temperature during 
hydrogen desorption, or discharging state, generated by the computational fluid dynamics simulation. Specifically, 
Figure 9A shows the discharge as a percentage after 80 minutes of hydrogen desorption. This is the fraction of the 
total available hydrogen concentration discharged in 80 minutes. 80 minutes would be the full load discharge at the 
maximum rate it can be at the required pressure. 
 
Similarly, Figure 9B shows the equilibrium desorption concentration, thus the lowest concentration achievable. These 
are represented in terms of required discharge pressure and heating fluid temperature. This equilibrium desorption 
concentration was calculated using the isotherm model represented in Figure 3 and would otherwise be the lowest 
concentration achievable at the respective pressure and temperature. 
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Figure 8. Absorption sensitivity analysis with (A) final charge percentage after 90 min as a function of feed gas 
pressure and cooling fluid temperature, and (B) the equilibrium absorption concentration as a function of feed gas 
pressure and cooling fluid temperature. 

 
Regarding Figure 9A, at lower heating fluid temperatures, little to no absorption takes place aside from the lowest 
required discharge gas pressure of 8 bar. Furthermore, at heating fluid temperatures between 90 °C and 120 °C, more 
absorption takes place, with the required discharge gas pressure determining the rate of discharge. It should be noted 
that in the range of 100 °C to 110 °C, the heating fluid temperature curves almost form a temporary plateau of sorts. 
Then, at heating fluid temperatures beyond 120 °C, another plateau forms in terms of heating fluid temperature, and 
only the required discharge gas pressure determines the rate of desorption.  
 
Thus, considering Figure 9A would suggest that there is a minimum heating fluid temperature requirement for 
desorption to take place on any meaningful scale. Similarly, the required discharge gas pressure is a key determining 
factor that negatively affects how much hydrogen will be able to be discharged at that pressure.  
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While higher heating fluid temperatures counteract this negative effect of required discharge gas pressure on the rate 
and amount of discharge, there is still an inherent limit to the pressure the metal hydride can generate during discharge. 
This is apparent when 18 bar is discharged considerably less than 16 bar at the heating fluid temperatures exceeding 
120 °C.  
 
This is similar to what is hypothesised when considering Equation 9 and the isotherms represented in Figure 3. More 
so when considering Figure 9B, which has a similar inverse trend to Figure 9A, suggesting a relationship between the 
equilibrium desorption concentration and the discharge amount as well as the discharge rate. 
 

 

 
Figure 9. Desorption sensitivity analysis with (A) discharge percentage after 80 min as a function of required discharge 
gas pressure and heating fluid temperature, and (B) the equilibrium desorption concentration as a function of required 
discharge gas pressure and heating fluid temperature. 

6. Conclusion  
The sensitivity analysis shows that for this particular reactor, the respective equilibrium concentrations of hydrogen 
in the metal hydride complex have a strong predictive factor for the rate and amount of both hydrogen charge and 
discharge. These equilibrium concentrations are determined by the equilibrium temperature and the equilibrium 
pressure of the system per the pressure-concentration-temperature isotherms. Per the thermodynamic laws, the 
equilibrium temperature is determined by the temperature of the cooling and heating fluid, depending on the state of 
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operation. Similarly, equilibrium pressure is determined by the pressure of the feed gas during the charge state or what 
the pressure regulator was set at during the discharge state. Therefore, Figure 8 proves that the reactor operation is 
sensitive to feed gas pressure and cooling fluid temperature during absorption. Similarly, Figure 9 proves that the 
reactor operation is sensitive to the required discharge gas pressure and heating fluid temperature during desorption. 
 
From the sensitivity analysis, the following core conclusions can be made regarding the operation of this specific 
metal hydride reactor. 
For charging, while considering a charging time of 90 minutes: 

i. The temperature of the cooling fluid has a negligible effect under 25 °C. 
ii. Feed gas pressure has a negligible effect if the cooling fluid temperature remains under 25 °C. 

iii. The temperature of the cooling fluid has an amplified effect beyond 25 °C. 
iv. The Feed gas pressure has a reduced effect above 4 bar. 
v. Under a feed gas pressure of 4 bar, performance is significantly reduced under a cooling fluid temperature 

of 25 °C. 
vi. As such, ideally, the cooling fluid temperature should remain under 25 °C to save cost from 

precompression of the hydrogen. 
vii. In hot climates, the higher cooling fluid temperatures can be counteracted by precompression of the 

hydrogen to 4 bar for the feed hydrogen. 

For discharging, while considering a discharge time of 80 minutes, which would be the operation time at full capacity: 
i. Above a heating fluid temperature of 115 °C, the heating fluid temperature has a negligible effect.  

ii. Below a heating fluid temperature of 90 °C, the unit does not discharge any significant amount of 
hydrogen. 

iii. The effect of heating fluid temperature between 90 °C and 115 °C is amplified. 
iv. Required discharge pressure above 16 bar significantly reduces the amount of hydrogen discharged. 
v. Between 90 °C and 115 °C heating fluid temperature, the required gas pressure has an amplified effect. 

vi. Ideally, the heating fluid temperature should be around 115 °C to save on heating costs. 
vii. The required gas pressure on the pressure regulator during discharge should not be set higher than 16 bar 

for the discharge of hydrogen.  
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