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MATHEMATICAL MODELING OF COUPLED HEAT AND MASS TRANSFER IN METAL-

HYDRIDE HYDROGEN STORAGE SYSTEMS 

MUHAMMAD HASNAIN 

(Under the Direction of Hayri Sezer) 

ABSTRACT 

As a promising clean energy carrier hydrogen has recently gained significant interest, but its efficient and 

safe storage is a major challenge. Compared to the gaseous state and liquid state, metal hydrides (MH) offer 

a potentially more effective storage approach for hydrogen. However, the main challenge in this approach 

is the low thermal conductivity of the MH bed that leads to low heat transfer and ultimately to higher 

charging and discharging times. The purpose of this work is to develop an in-house comprehensive heat 

and mass transfer model for hydrogen sorption in MH reactors to simulate the dynamic behavior of 

hydrogen storage. A 2D axis-symmetrical mathematical model for hydrogen absorption and desorption is 

presented for a cylindrical LaNi5 reactor. The model is validated using experimental temperature and 

reaction kinetics data while the relation for the equilibrium pressure is derived from PCT parameters, 

plateau flatness, and hysteresis factors making it a function of both temperature and hydrogen to metal 

atomic ratio [H/M]. A comparative examination of two models, one incorporating Darcy's velocity due to 

pressure gradients and the other neglecting it, demonstrates that while Darcy's law introduces numerical 

instability in the model, its overall effect on model outcomes can be neglected for the analyzed reactors. 

The developed model is then used to conduct different parametric studies to investigate the effect of 

discharging pressure, heating fluid temperature, porosity, and reactor size on the time histories of 

temperature and reacted fraction profiles. The effect of changing the non-homogeneous Neumann to 

Dirichlet boundary condition is also demonstrated to anticipate the utilization of phase change materials 

(PCM) instead of the cooling fluid. The research findings reveal the influence of charging/discharging 

pressure on the maximum/minimum temperatures attained and reaction kinetics, while highlighting the 



predominant impact of fluid temperature on sorption kinetics. The model can be conveniently adapted for 

other metal hydrides and system configurations, including MH reactors with heat transfer fluid or finned 

heat exchangers or both. This work contributes to the development of more efficient hydrogen storage 

technologies, bringing us closer to realizing the potential of hydrogen as a clean and sustainable energy 

carrier. 

INDEX WORDS: Hydrogen storage, Metal hydrides, Heat and mass transfer, Mathematical modeling, 2D 

transient model, Darcy’s velocity, Reactive porous media, Finite volume method, Hydrogen absorption and 

desorption 
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CHAPTER 1 

1. INTRODUCTION 

1.1. Background and Motivation 

In light of rapidly increasing global energy demands and growing concerns regarding the 

environmental impacts of non-renewable energy sources, there is an escalating need for reliable and 

sustainable alternatives. In this context, fig. (1.1) illustrates the trajectory of global temperature 

anomaly and atmospheric CO2 concentrations since the 1880s, providing a visual depiction of the 

evolving climate landscape (“Global Warming Update,” n.d.). Renewable energy technologies, 

exemplified by solar and wind power, play pivotal roles in mitigating greenhouse gas emissions and 

meeting energy demands. However, due to dependence on many natural factors (such as wind speed, 

sunlight intensity, daylight duration, weather etc.), their availability at a given location and time 

cannot be predetermined (Modi and Aguey-Zinsou 2021). Resultantly, it can lead to an imbalance 

between energy demand and supply. Addressing this challenge necessitates effective energy storage 

solutions. While batteries are commonly employed for energy storage, their utility is limited by 

factors such as high cost, uncertain lifespan, low energy density, self-discharge, safety concerns, 

thermal runaway, and rapid degradation, rendering them unsuitable for long-term or high-capacity 

applications (Y. Zhang et al. 2017; S. Khan, Hasnain, and Casa 2024; S. Khan et al. 2022; 2024). 

In this context, hydrogen (H2) emerges as a promising candidate for energy storage that can 

be utilized as a fuel as well (Jang, Cho, and Kang 2021; Hasnain, Khan, et al. 2024). Hydrogen has 

long been recognized as a viable, carbon-free alternative to hydrocarbon fuels and has a high 

gravimetric energy density, surpassing that of gasoline and diesel by up to three times (Kharel and 

Shabani 2018; Jang, Cho, and Kang 2021). It can react with oxygen to generate water, heat, and 

electricity in fuel cells (Modi and Aguey-Zinsou 2021; Nguyen and Shabani 2021) with no emissions. 

Nevertheless, challenges persist in efficiently producing, ensuring environmental friendliness, and 

safely storing hydrogen. Of the challenges encountered, storage remains a critical issue, prompting 
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exploration of various hydrogen storage techniques (Jain, Jain, and Jain 2010; Shabani, Andrews, 

and Badwal 2010). These techniques can be broadly categorized into three main approaches: 1) high-

pressure gaseous-state hydrogen storage, 2) liquefaction of hydrogen gas for liquid-phase storage, 

and 3) solid-state reversible hydrogen storage employing carbon materials or metallic hydrides 

(Shabani and Andrews 2015; Hasnain, Khan, et al. 2024). 

 

Figure 1.1: Increasing trends of atmospheric CO2 and global temperature since 1880 (“Global 

Warming Update,” n.d.) 

Solid-state hydrogen storage method utilizing metal hydrides has gained significant attention 

due to its relatively higher volumetric storage density, enhanced safety, and lower cost (Niaz, 

Manzoor, and Pandith 2015; Lototskyy et al. 2017). A primary concern for metal hydride hydrogen 

storage systems is achieving rapid hydrogen charging/discharging rates under appropriate operating 

conditions. As depicted in eq. (1), hydrogen absorption and desorption with metals are exothermic 

and endothermic processes, respectively, with the reaction enthalpy varying depending on the metal 

hydride materials used (Hasnain, Khan, et al. 2024). 

𝑀 +
𝑛

2
𝐻2  ⇌  𝑀𝐻𝑛 + 𝛥𝐻 (1) 

The heat released and absorbed during the absorption and desorption processes respectively 

raise and lower the temperature of the MH bed, resulting in a decrease in the corresponding reaction 
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rates (Nguyen and Shabani 2021). To accelerate these reactions, substantial heat uptake and release 

are necessary during the absorption and desorption of hydrogen. However, the inadequate thermal 

conductivity of the metal hydride bed hampers heat conduction within the bed, leading to prolonged 

charging and discharging durations. Therefore, when designing MH reactors, different thermal 

enhancements including the use of fins, heating fluid, or phase change materials (PCM) are 

considered (Afzal, Mane, and Sharma 2017). Moreover, to operate at room temperature, several 

critical physical parameters and operating conditions like the porosity of the bed, effective thermal 

conductivity, bed material, system pressure, fluid temperature, reactor size as well as other 

characteristics must be considered during designing these systems (Modi and Aguey-Zinsou 2021; 

Singh, Maiya, and Murthy 2015; Manai et al. 2019). 

The objective of this work is to model the coupled heat and mass transfers during sorption 

processes and utilize it to examine the effect of various critical parameters, including charging 

pressure, cooling fluid temperature, reactor geometry and size, and different boundary conditions on 

the thermal performance and reaction kinetics of the system. The conservative nature of finite volume 

method ensures the conservation of parameters in each control volume and in the whole 

computational domain, making this model more efficient over its counterparts such as finite element 

method. This modeling work can be utilized to optimize the process parameters for specific 

applications that can lead to higher hydrogen storage efficiency and rapid system charging and 

discharging (Hasnain, Khan, et al. 2024). This study advances our comprehension of solid-state 

hydrogen storage and contributes to the development of efficient and dependable hydrogen storage 

technologies. Ultimately, this work plays a key role in advancing hydrogen as a green and sustainable 

future energy carrier. 

1.2. How this Study is Novel 

The novelties listed below establish the originality of this work. 
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i. The developed model can be effectively utilized to examine the performance of a broad range 

of metal hydrides and perform different parametric studies under varying thermophysical 

properties and environmental conditions. 

ii. In contrast to the studies in literature that primarily use commercial software, the model 

developed in this work is based on an open-source package based on finite volume method 

(FVM) available in MATLAB, Python, and Julia (Eftekhari and Schüller 2015). FVM 

inherently satisfies energy, mass, and momentum conservations; hence it is the fast and 

convenient discretization approach for the numerical solution of the partial differential 

equations governing the heat and mass transfer mechanisms in hydrogen absorption and 

desorption processes in metal hydrides. 

iii. This study pioneers a comparative examination into the impact of incorporating Darcy's 

velocity arising from pressure gradients into the model, an analysis that has not been done 

before. 

iv. This study conducts a comprehensive parametric analysis with respect to different 

thermophysical parameters, as well as the dimensions and configurations of the reactor, an 

area that is yet unexplored in the existing literature.
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1. Hydrogen: A Clean and Green Energy Source 

The increasing global energy demand, growing concern about greenhouse gas emissions 

leading towards air pollution and global warming, and the reducing cost of renewable energy is 

driving the development of sustainable energy systems (Hasnain, Khan, et al. 2024). However, the 

energy obtained from renewable sources depends on and varies with many environmental conditions 

that cannot be predicted at a certain point in time and space (Modi and Aguey-Zinsou 2021; Beaudin 

et al. 2010). These variations cause fluctuations in the rate of power generation and therefore, the 

energy might not always be available when needed (Ibrahim, Ilinca, and Perron 2008). In order to 

avoid fluctuations, new solutions have been developed including storing the electricity for some time 

with rechargeable batteries (S. Khan et al. 2024; 2022; S. Khan, Hasnain, and Casa 2024). 

In this context, batteries have gained interest as a potential energy storage solution, but the 

amount of possible stored energy is rather limited by current battery chemistries (S. Khan et al. 2024; 

S. Khan, Hasnain, and Casa 2024). In comparison, hydrogen (H2) can be used as an alternative 

environmentally friendly fuel because of its natural abundance, and high gravimetric energy density 

per unit mass (approximately 142 MJ /kg) (Mohammadshahi, Gray, and Webb 2016a; Hasnain, 

Khan, et al. 2024). Hydrogen also provides a green and clean secondary energy storage solution to 

the inconsistent availability of renewable energy sources (Mazloomi and Gomes 2012). High heating 

value (HHV) hydrogen has a gravimetric energy density that is up to three times greater than 

hydrocarbons present in traditional fuels like diesel, gasoline, and liquefied petroleum gas 

(Mazloomi and Gomes 2012) as shown in table 2.1. Besides, H2 is a clean fuel that produces only 

water as a biproduct with the generation of heat and electric power when consumed in a fuel cell 

(Hasnain, Khan, et al. 2024). Fuel cells are preferable to hydrogen combustion for energy generation 

due to their significantly higher energy conversion efficiency, with the theoretical maximum 
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exceeding 90% energy conversion efficiency for fuel cells (Haseli 2018). In contrast, hydrogen-based 

internal combustion engines have maximum conversion efficiency of around 45% (Onorati et al. 

2022). 

Hydrogen is considered a promising candidate for green energy storage mainly because of 

its superior efficiency in terms of its comparatively high energy content than traditional fuels as 

shown in table 2.1, overall storage capacity, renewability, versatility, and its lack of harmful 

emissions (Jang, Cho, and Kang 2021; Javaid 2021; Sánchez, Barreiro, and Maroño 2014; Pereira et 

al. 2017). Furthermore, hydrogen can be easily converted into heat or electric power by using internal 

combustion engines (ICEs) or fuel cells (FCs), respectively (Eriksson and Gray 2017; Verhelst 

2014). Because of these features, hydrogen is a more cost-effective energy carrier for a wide range 

of large-scale and long-term applications, including the transportation and power generating 

industries (Maniatopoulos, Andrews, and Shabani 2015; Shin, Hwang, and Choi 2019), and 

stationary applications (Nguyen and Shabani 2021; Kharel and Shabani 2018). 

Table 2.1: Gravimetric energy densities of H2 and several other fuels (Qazi 2022) 

Fuel Fuel Energy 

Content (MJ /kg) 

Hydrogen (H2) 142 

Liquefied natural gas (LNG) 54.4 

Propane 49.6 

Aviation gasoline 46.8 

Automotive gasoline 46.4 

Automotive diesel 45.6 

Ethanol 29.6 

Methanol 19.7 

Coke 27 
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Dry Wood 16.2 

 

2.2. Hydrogen Production and Applications 

Apart from being the most abundant element in the universe, hydrogen does not exist in the 

gas form in sufficient quantities to generate power and must therefore be harvested from other 

organic substances and water (Dincer and Acar 2014; Momirlan and Veziroglu 2002). Hydrogen 

production process requires energy as an input. The energy used to extract hydrogen from organic 

substances releases carbon to the environment. Based on the amount of the carbon released to the 

atmosphere, the generated hydrogen is classified into colors as shown in fig. (2.1) (Shafiee 2021). 

Grey hydrogen is generated from natural sources that produces carbon waste to the environment. 

Blue hydrogen is relatively a cleaner approach in which the air pollutants are filtered, stored, or 

reused for different industrial applications. The production of green hydrogen is not associated with 

any emissions directly and can be ideally referred to as zero emissions process (Momirlan and 

Veziroglu 2002). 

 

Figure 2.1: The different colors of hydrogen depending on production method (Shafiee 2021) 

For utilizing renewable energy sources, water electrolysis is the simplest and most 

sustainable way to produce green hydrogen (Zeng and Zhang 2010; Dunn 2002). This method plays 
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a critical role in the coupling of solar or wind power systems with fuel cells. The excess electrical 

energy obtained from wind or solar energy can be utilized in the electrolyzers for breaking water 

(H2O) molecules to produce hydrogen gas that can be used as a promising candidate for energy 

storage and transportation for small-scale applications (Zeng and Zhang 2010). The generated 

hydrogen can be input to the fuel cells to generate electrical power and heat energy (Granovskii, 

Dincer, and Rosen 2006; Young, Mill, and Wall 2007). The conceptualized schematic of such a 

renewable energy generation, and conversion system coupled with a fuel cell is shown in fig. (2.2) 

(Zeng and Zhang 2010). The commercial production of green hydrogen is much more expensive and 

inefficient at this time, inhibiting its viability compared to other methods of production (Nikolaidis 

and Poullikkas 2017).  Alternative approaches for grey or blue hydrogen production include steam 

methane reforming (SMR) (Sharma and Ghoshal 2015), gasification of coal and other hydrocarbons 

including biomass and municipal wastes and refining of petroleum (Trommer et al. 2005; Rosen and 

Scott 1998; Zeng and Zhang 2010). 

 

Figure 2.2: A schematic for solar energy system coupled with water electrolyzer and fuel cell 

(Zeng and Zhang 2010) 
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Hydrogen can be used in fuel cells to generate electricity or directly used as a fuel for 

powering combustion engines. In industrial applications, hydrogen is used for large scale production 

of ammonia (Ramachandran and Menon 1998), refining of petroleum (Barreto, Makihira, and Riahi 

2003) and many metallic elements such as nickel, copper, zinc and tungsten (Eliaz, Eliezer, and 

Olson 2000; Eliezer et al. 2000). Utilizing water electrolysis to create hydrogen can help remote 

places with excess solar or wind energy sources fulfill their domestic energy needs for things like 

lighting and heating, and many industrial and telecommunication facilities (Hollmuller et al. 2000; 

Varkaraki, Lymberopoulos, and Zachariou 2003; Zeng and Zhang 2010). 

2.3. Storage of Hydrogen 

Integrated hydrogen systems (consisting of fuel cells or combustion engines, electrolyzers, 

and energy generation system) need technology to store and transport H2 for many applications (Jain, 

Jain, and Jain 2010; Shabani, Andrews, and Badwal 2010). Hydrogen can be kept either in gaseous 

state under high pressure or as a liquid, depending on the application where weight is an influential 

constraint. 

In its gaseous state, hydrogen exhibits a low volumetric energy density, approximately 27 

kg H2/m
3 as shown in table 2.2 (Züttel et al. 2010; “Hydrogen Tools | CMB.TECH,” n.d.; “Hydrogen 

Calculators - Stargate Hydrogen,” n.d.). Consequently, a substantially larger storage area is required 

relative to alternative energy storing solutions, posing technical challenges in storage, transportation, 

and portable applications (Andrews and Shabani 2012; Nguyen and Shabani 2021). To address this 

issue, two primary approaches have been explored: high-pressure gas compression at around 700 

bars and liquefaction achieved by maintaining cryogenic temperatures near 20 K. However, both 

methods require additional costs associated with maintaining extreme temperature and pressure 

conditions (J. Zhang et al. 2005; Azzaro-Pantel 2018; Rowsell and Yaghi 2005). 

Table 2.2: Comparison of the volumetric capacities of hydrogen in different states (Züttel et al. 

2010; “Hydrogen Tools | CMB.TECH,” n.d.) 
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Hydrogen storage forms and 

conditions 

Volumetric capacity 

(kg H2/m
3 system) 

Theoretical limit 

(kg H2/m
3 system) 

Gaseous state (25◦C and 50 MPa) 27 30.81 

Liquefied hydrogen (−253◦C and 0.1 

MPa) 

40 71 

Metal hydride (25◦C and 3 MPa) 50 110 

* "Theoretical limit" is the storage density of the pure material under ideal conditions, and the "Volumetric hydrogen density" includes 

the reduction due to storage vessel and other practical limitations. The theoretical limit for compressed hydrogen is calculated by using 

online available tools like Stargate Hydrogen (“Hydrogen Calculators - Stargate Hydrogen,” n.d.) and CMB Hydrogen Tools 

(“Hydrogen Tools | CMB.TECH,” n.d.) since hydrogen does not behave as an ideal gas under 50 MPa. 

The former is the most popular commercial way for storing and transporting hydrogen to 

demand locations due to its simplicity and maturity (Jang, Cho, and Kang 2021). The latter approach 

consumes—up to 30%— of available energy during the liquefaction process, thus, making it energy 

inefficient (Modi and Aguey-Zinsou 2021; von Helmolt and Eberle 2007). For large-scale 

applications, however, both of these technologies have significant obstacles, including energy 

efficiency and safety due to low volumetric density and high pressure respectively (Abdalla et al. 

2018). 
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Figure 2.3: Schematic for simplified configuration of the metal hydride tank with heat transfer 

fluid (1: HTF pathway, 2: MH bed, 3: Hydrogen pathway) (Manai et al. 2019; Satheesh, 

Muthukumar, and Dewan 2009) 

In comparison to the gaseous and liquified hydrogen storage methods, using solid state MH 

as hydrogen storage materials has the competitive potential to provide high volumetric energy 

density, high storage capacity as well as minimizing the safety risk associated with high pressure 

(Niaz, Manzoor, and Pandith 2015). The volumetric storage densities of hydrogen in each of its three 

states are shown in table 2.2. The popularity of MH based hydrogen storage systems, both in research 

and industry, is mainly attributed to its safety and lack of high pressure or low temperature 

requirements (Hasnain, Khan, et al. 2024). Unlike the former approaches, this method involves the 

absorption of hydrogen as atoms rather than gas phase molecules to the metal hydride material. 

However, due to the involvement of external metal hydride material (MH) as the storage medium, 

this method for hydrogen storage is intrinsically heavy, and is therefore best suited for stationary 

applications where bulk is not a major concern (Shabani and Andrews 2015). Other compelling 

advantages of using this technology include its relatively high volumetric storage density, safety, and 

reversibility, all of which enhance the viability of this solution (Lototskyy et al. 2017). The simplified 

configuration of the metal hydride tank with a heat transfer fluid is shown in the schematic shown in 

fig. (2.3) (Manai et al. 2019; Satheesh, Muthukumar, and Dewan 2009). 

2.4. Selection of Optimum Metal Hydride 

Metal hydrides are formed as the output of the reversible reactions between metal alloys and 

hydrogen at specific temperatures and pressures with a significant change in enthalpy (Nguyen and 

Shabani 2021). They are capable of safely and reliably storing substantial quantities of hydrogen in 

a solid phase. Since the 1970s, there has been a large amount of research and development on metal 

hydride adaption for hydrogen storage (Buschow, van Mal, and Miedema 1975; Vucht et al. 1970). 

Despite studying this group of materials for five decades, no consensus is yet established on the 

optimum MH due to wide range of stationary applications with varying storage parameters such as 
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sorption rates, operating temperatures, and tank pressures (Muthukumar and Groll 2010a). For 

example, the requirement of power-to-power systems is fast absorption/desorption kinetics while that 

of the seasonal storage systems are low-cost material and high volumetric storage density of the 

system for bulk hydrogen storage (Modi and Aguey-Zinsou 2021). 

 The selection of suitable hydride material requires the consideration of several critical 

factors. These include but are not limited to the reaction kinetics, the heat of formation of hydride, 

the system cyclic stability and life, safety in hydride production, sensitivity to gaseous impurities and 

particulates, process operation and handling, as well as the H2 hysteresis effects (Sandrock 1999; 

Lototskyy et al. 2017). 

 

Figure 2.4: Volumetric and gravimetric hydrogen density of few selected hydrides (Modi and 

Aguey-Zinsou 2021; Lai et al. 2018) 

Individual elements are typically not viable as practical hydrogen storage materials because 

of their low storage capacities and the requirement of extreme pressure and temperature conditions 

for absorption and desorption of hydrogen (Modi and Aguey-Zinsou 2021). For example, titanium 

(T) can absorb hydrogen to make titanium hydride (TiH2), however, it will need temperatures up to 
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800◦C to fully release hydrogen during the discharge process (Suwarno et al. 2012). A material with 

high hydrogen storage capacity and reversible hydrogen uptake/release at ambient temperature and 

pressure would be an ideal choice for storing hydrogen. Complex metallic hydrides have high 

gravimetric and volumetric densities, but they are irreversible and therefore, are not practicable. As 

can be seen from fig. (2.4), the complex hydrides like Mg(BH4)2, Al(BH4)2 and LiBH4 have the 

capability to meet the higher gravimetric and volumetric hydrogen densities but their application is 

limited by their irreversible nature (Lai et al. 2018). An alternative choice would be to use 

intermetallic compounds or metal alloys since they can be operated at ambient settings (Sandrock 

1999; Broom 2011). For instance, LaNi5H6 is mostly suggested as the preferred metal hydride in the 

literature due to its high volumetric density and its reversibility at low temperature and pressure 

(Modi and Aguey-Zinsou 2021). To operate the MH-based hydrogen storage systems at room 

temperature, the design optimization of the MH tanks is a key challenge (Hasnain, Khan, et al. 2024). 

This needs the consideration of many important physical parameters like the overall porosity of the 

hydride bed, the packing density, effective thermal conductivity, the material of the cylinder, and the 

compactness of bed (Modi and Aguey-Zinsou 2021; Singh, Maiya, and Murthy 2015; Manai et al. 

2019). 

2.5.  Heat Transfer Enhancements in MH Systems 

The amount of heat absorbed or released during the reversible sorption processes accounts 

for around 10 − 20% of the high heating value (HHV) of hydrogen depending on the nature of MH 

and the pressure and temperature conditions (Lototskyy et al. 2017; Nguyen and Shabani 2020). To 

keep the operation temperature at the desired range, the extra heat generated from the exothermic 

absorption process needs to be removed from the MH bed (Nguyen and Shabani 2021). This is 

necessary to maintain the rate of absorption (also called charging rate) and maximize the utilization 

of available storage capacity of the MH and hence, the efficiency of the system. On the contrary, the 

thermal energy or heat required for the endothermic desorption (discharging) process must be 

continuously provided to the bed to maintain the desorption or discharge rate of hydrogen to meet 
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the energy demand from the fuel cell (Lototskyy et al. 2017; Nguyen and Shabani 2021). Due to the 

significant influence of heat on the rates of sorption reactions, the thermal management techniques 

should be taken into consideration while designing MH-based hydrogen storage systems (Moradi 

and Groth 2019; Ye et al. 2022). 

As cooling during absorption and heating during desorption significantly influence the 

equilibrium pressure, leading to faster hydrogen charging and discharging, managing temperature is 

crucial in MH reactors. Currently, there are many thermal management approaches employed and 

modeled for MH-based hydrogen storage tanks (Afzal, Mane, and Sharma 2017). 

i. The first one involves the utilization of a heat transfer fluid (HTF). In the hydrogen 

absorption process, discharged heat is absorbed by the HTF, while during desorption, 

the fluid is externally heated to supply the additional heat required for hydrogen release 

(Chung et al. 2013; Bao, Yang, Wu, Cao, et al. 2013a; Hasnain, Khan, et al. 2024).  

ii. The second approach to heat transfer management involves integrating phase change 

materials (PCM) with hydrogen storage tanks (Ye et al. 2022). PCM has the capability 

to store waste heat generated during hydrogen absorption and release it when required 

for hydrogen desorption, eliminating the need for heat exchangers. This method enables 

the practical recycling of waste heat, thereby enhancing the overall efficiency of the 

system (Shamberger and Bruno 2020). 

iii. The third approach to thermal management, that in fact is a complement to the first two 

approaches, involves the use of fins to maximize the surface area of the bed with the heat 

transfer fluid (HTF) or phase change material (PCM), ultimately resulting in an 

increased heat transfer rate (Satya Sekhar et al. 2015). 

Many attempts have been made to optimize the hydrogen storage process in MH storage 

systems by incorporating different heat exchangers inside hydrogen storage tanks. The major heat 

exchanger designs considered in the literature are axial heat exchanger tubes, coiled heat exchanger 
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tubes, and transversal heat distribution fins (Satya Sekhar et al. 2015). (Chaise et al. 2010) 

experimentally investigated a metal hydride tank incorporating a central tube heat exchanger and 

developed a two-dimensional numerical heat transfer model. (Bao, Yang, Wu, Cao, et al. 2013b) 

implemented a one-dimensional heat and mass transfer model to examine the temperature, pressure, 

and density distributions inside the magnesium hydride reactors. 

The optimization study on different configurations of multi-tube heat exchange was done by 

(Bao, Wu, et al. 2013). (Ma et al. 2014) studied the performance of multi-tubular finned heat 

exchangers in MH tanks and optimized the heat transfer through fins. The heat exchanger designs 

are considered under four varying heat transfer configurations including natural convection, finned 

surfaces, internal circulation of fluid, and with the concentric fins inside the hydride tank (Modi and 

Aguey-Zinsou 2021). The most efficient design in terms of charging/discharging time found this this 

study was the design with a concentric tube for fluid flow with transverse fins attached to the tube 

(Mohammadshahi, Gray, and Webb 2016a; Askri, ben Salah, et al. 2009). The schematic showing 

the design of such tank and fin configuration is shown in fig. (2.5). These studies show that the 

improvement is as a result of increased heat transfer areas. However, the complexity of the heat 

exchangers to further enhance the heat transfer limits the applicability of this approach. Furthermore, 

the requirement of an external heating source during the hydrogen desorption process is another 

factor lowering the efficiency further (Ye et al. 2022). 

Numerous studies have investigated the performance of hydrogen storage tanks with and 

without the involvement of PCM. (Ye et al. 2022) develops a two-dimensional numerical model to 

provide a comparative analysis of the heat transfer mechanisms in the MH-tanks before and after the 

incorporation of PCM (as shown in fig. (2.6)). An experimental study was done by (Garrier et al. 

2013) on magnesium hydride (MgH2) tanks using Mg69Zn28Al3 as the phase change material. 

However, the overall gravimetric storage density of the storage system was reduced (to about 0.315 

wt%) due to the involvement of the dense PCM alloy. (Marty et al. 2013) developed a computational 



27 
 

model to explain the heat transfer process in tanks with PCM. A modest improvement in the storage 

efficiency was achieved by using Phase Change Material (PCM) (Marty et al. 2013). 

 

Figure 2.5: The schematic of MH tank design with concentric tubes for fluid flow and transverse 

annular fins (Nyamsi, Yang, and Zhang 2012) 

  

Figure 2.6: (a) The MH Hydrogen Storage Tank Only with Heat Transfer Fluid (NO PCM) (b) 

Modified Tank with PCM (Ye et al. 2022) 
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Many numerical studies have been conducted to evaluate the influence of the physical 

properties of various choices of PCMs on absorption and desorption of hydrogen (Hatem ben Mâad 

et al. 2018) and (H. ben Mâad, Askri, and ben Nasrallah 2016). It was found out that the optimal 

selection of PCM, along with many other design and operation variables, depends on the MH material 

used for storage. Mg69Zn28Al3 was devised to be the suitable PCM for Mg2Ni hydrogen storage 

material. While selecting a PCM many different parameters including but not limited to the nature 

of the MH material, its enthalpy of hydrogenation/dehydrogenation, operating temperature and 

pressure ranges, and the weight as well as the latent heat of the PCM are considered. (Yao et al. 

2020a) performed a numerical study to optimize the storage performance in LaNi5 MH tanks with 

Na2HPO3⋅7H2O as the PCM. This study investigated various important parameters like the physical 

properties of PCM and absorption pressure of hydrogen to utilize the maximum storage capacity. 

Due to the lack of heat exchangers in hydrogen storage tanks with PCM, a huge amount of PCM 

must be provided to fully absorb the generated heat during absorption and maintain the reaction rate. 

Resultantly, this highly increases the weight of the tank and significantly reduces the gravimetric 

hydrogen storage density. Combining these two approaches, a more efficient storage can be designed 

with both heat exchangers and PCM used in parallel (Ye et al. 2022). 

2.6. Mathematical Modeling of MH Reactors 

The Numerical models for metal hydride hydrogen storage systems have been developed 

and reviewed in existing literature (A. Jemni and Nasrallah 1995a; Ben Nasrallah and Jemni 1997; 

Gopal and Murthy 1995; Gambini, Manno, and Vellini 2008; Brown et al. 2008; Nam, Ko, and Ju 

2012; Mohammadshahi, Gray, and Webb 2016b; MacDonald and Rowe 2006; Hasnain, Khan, et al. 

2024). These computational models are utilized to analyze one-dimensional (El Osery 1983; Lucas 

and Richards 1984; Ram Gopal and Srinivasa Murthy 1992; Mayer, Groll, and Supper 1987), two-

dimensional (Muthukumar, Singhal, and Bansal 2012; Akanji and Kolesnikov 2012; Demircan et al. 

2005; Muthukumar, Madhavakrishna, and Dewan 2007; Askri, Ben Salah, et al. 2009; A. Jemni and 

Nasrallah 1995b; Hasnain, Khan, et al. 2024), and three-dimensional (Aldas, Mat, and Kaplan 2002; 
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Hardy and Anton 2009a; Bao, Yang, Wu, Nyallang Nyamsi, et al. 2013; Hardy and Anton 2009b; 

Yun Wang et al. 2009) systems. These models traditionally incorporate heat and mass balance 

equations alongside empirically derived reaction kinetics, and serve to analyze the transport 

properties, equilibrium conditions, and reaction kinetics of MH systems. Notably, the three-

dimensional model, while providing more comprehensive insights, demands significantly more time 

and computing capacity for execution. As a result, it is often selectively employed to investigate 

effects that two-dimensional models may not fully capture (Hardy and Anton 2009b). 

In 1995, Jemni and Nasrallah (A. Jemni and Nasrallah 1995b) investigated the key 

parameters for a two-dimensional metal hydride reactor during hydrogen absorption. Their study 

challenged the local thermal equilibrium assumption between solid phase porous medium and 

gaseous phase hydrogen. However, in a later work in 1997, Nasrallah and Jemni (Ben Nasrallah and 

Jemni 1997) presented contradictory findings on this assumption and concluded that neglecting the 

temperature difference between the two phases has a minimal effect on the mass evolution profile 

during both hydrogen absorption and desorption processes. Following their work, almost all the 

subsequent studies simplified their models by assuming local thermal equilibrium, with the aim of 

minimizing computational complexity (Muthukumar and Groll 2010b; Mohammadshahi, Gray, and 

Webb 2016b; Nguyen and Shabani 2021; Chibani, Bougriou, and Merouani 2018). Several studies 

overlooked the impact of pressure drop and advection heat transport, due to the low hydrogen 

velocity in porous metal hydride bed (Elkhatib and Louahlia 2023; Ben Nasrallah and Jemni 1997; 

A. Jemni and Nasrallah 1995a; Mohammadshahi, Gray, and Webb 2016b; Hasnain, Sezer, and 

Mason 2024). Moreover, certain models assumed that equilibrium pressure was exclusively a 

function of temperature, neglecting its dependence on the hydrogen-to-metal atomic ratio (H/M) 

(Freni, Cipitì, and Cacciola 2009; Aldas, Mat, and Kaplan 2002; MacDonald and Rowe 2006; Kumar 

Phate, Prakash Maiya, and Murthy 2007; Chung and Ho 2009; Mohan, Prakash Maiya, and Srinivasa 

Murthy 2007). 
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Despite these modeling efforts, there is a pressing need for a comprehensive investigation 

into factors such as considering the influence of Darcy’s velocity due to pressure gradients (Darcy's 

law), cooling strategy variations, reactor size impact on charging time, and a parametric analysis that 

is crucial for both enhancing fundamental understanding and optimizing the metal hydride hydrogen 

storage systems (Hasnain, Khan, et al. 2024; Hasnain, Sezer, and Mason 2024). 

The objective of this work is to develop a numerical model to reveal the physics behind the 

hydrogen absorption and desorption, analyze the dynamic behavior of reaction kinetics, and optimize 

the processes in MH reactors. This purpose is achieved using a finite volume (FV) based 

discretization approach involving implicit Euler's time integration scheme (Eftekhari and Schüller 

2015; S. Khan et al. 2022; Hasnain, Khan, et al. 2024; S. Khan et al. 2024; Hasnain et al., n.d.). The 

resulting linear system of equations is solved using a sparse matrix solver available in MATLAB (S. 

Khan, Hasnain, and Sezer 2024; S. Khan, Hasnain, and Casa 2024; M. U. Khan, Hasnain, and Khan 

2024; Hasnain, Paye, et al. 2024; Hasnain, Khan, et al. 2024; S. Khan et al. 2024). The results 

obtained from the 2D axis-symmetrical model are found to be in good agreement with experimental 

data reported in the literature. Then the model is used to examine the effect of various pivotal 

parameters, including charging pressure, cooling fluid temperature, reactor geometry and size, and 

different boundary conditions on the thermal performance and reaction kinetics of the system. The 

influence of H/M atomic ratio on equilibrium pressure is also examined and validated with 

experimental data for varying temperatures (Hasnain, Sezer, and Mason 2024). This framework 

allows us to systematically evaluate the sensitivity of these parameters by analyzing temperature and 

reaction fraction profiles aimed at optimizing the storage efficiency. Furthermore, a comparative 

analysis is conducted between two models: one incorporating Darcy's velocity and the other without, 

while maintaining constant pressure within the metal hydride bed. Interestingly, incorporating 

Darcy's law introduces increased system complexity and numerical instability in the coupled 

equations, but it has minimal effect on the overall model outcomes (Hasnain, Sezer, and Mason 

2024).  
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CHAPTER 3 

3. MATHEMATICAL MODEL 

3.1. System Description and Schematic 

The schematic of a MH based hydrogen storage reactor is given in fig. (3.1). The reactor 

tank is divided into three sections as shown in the schematic. Section 1 represents the pathway for 

the heat transfer that is mostly considered to be water. Section 2 is the porous MH bed where the 

hydrogen absorption and desorption processes take place. Section 3 is the region where hydrogen is 

given into or taken out of the bed. 

In the current work, two distinct MH reactors are examined, each characterized by unique 

cooling fluid configuration and size. Experimental data for both reactors are available in the literature 

(Yang et al. 2010; Elkhatib and Louahlia 2023; Ben Nasrallah and Jemni 1997), allowing for the 

validation of our model for each reactor configuration and comparison with other models. In this 

context, the MH tank shown in fig. (3.1a) is referred to as 'Reactor 1,' while the MH tank depicted in 

fig. (3.1b) is denoted as 'Reactor 2'. The dimensions of both reactors and corresponding 

computational domains are shown in fig. (3.3a) and (3.3b) respectively. Reactor 1 transfers heat only 

through its lateral side to the cooling fluid, whereas reactor 2 accomplishes this through both its 

lateral and base areas. Water is considered as the cooling fluid in this work. 

In the cross-sectional view of the system, as depicted in fig. (3.1), the blue region at the base 

and lateral sides denotes the pathway for water flowing at a steady speed. The light blue color region 

represents the metal hydride (MH) powder bed, where the hydrogen absorption/desorption occurs. 

During absorption, the hydrogen diffuses from the pressurized region, reacts and gets stored in the 

interstitial sites of the crystal structure and vice versa. A thin stainless-steel (Yang et al. 2010) or 

brass (A. Jemni and Nasrallah 1995b) wall serves as a barrier, separating the heat transfer fluid from 

the MH bed. In this study, LaNi5 is utilized as the metal for hydrogen capture/release, which 

undergoes a transformation to LaNi5H6 when it is fully saturated with hydrogen. The maximum mass 

of hydrogen that can be stored in reactor 1 and reactor 2 are, respectively, 0.2171 and 10.5975 grams. 
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(a) (b) 

Figure 3.1: Cross sectional schematic for (a) MH reactor 1 (A. Jemni and Nasrallah 1995b; 

Hasnain, Khan, et al. 2024) (b) MH reactor 2 (Satheesh, Muthukumar, and Dewan 2009) 

3.2. Effective Medium Theory: From Microscopic to Macroscopic Scale 

The metal hydride bed is a discontinuous two-phase medium consisting of solid MH particles 

and hydrogen in the gaseous phase. The principles of conservation for energy, mass, and momentum 

that govern the heat, mass, and momentum transfer, respectively, in a reactive porous medium are 

derived by transitioning from a microscopic to a macroscopic scale based on the effective medium 

theory (Choy 2016). While shifting from a microscopic standpoint, where the average volume (ω) 

is significantly smaller than the pores volumes, to a macroscopic scale where the pores volume is 

almost negligible compared to averaging volume. This change of scale allows for the substitution the 

actual medium that is inherently discontinuous with a hypothetical continuous medium (A. Jemni 

and Nasrallah 1995a; Choy 2016). Each term in the macroscopic-scale continuum equation can be 

formulated by averaging its corresponding term in the microscopic equation. The averaging volume 

for a porous material with solid and gaseous phases is demonstrated by fig. (3.2). For a specific 

microscopic function (ϕ̅), the average is given by eq. (2a). Similarly, eq. (2b) shows its intrinsic 

average over a phase i in the multi-phase porous medium. 
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ϕ̅ = 1/ω∫ ϕ dω 
ω

 (2a) 

ϕi
̅̅ ̅ = 1/ωi ∫ ϕi dω

ωi

  (2b) 

where ωi represents the volume of phase i in the total averaging volume ω. 

 

Figure 3.2: Averaging volume for porous MH bed with solid and gas phases 

3.3. Partial Differential Equations (PDEs) Model Formulation 

The macroscopic PDE model for the hypothetical continuous medium is derived by applying 

an averaging process to the corresponding microscopic equations and incorporating closure 

assumptions across the averaging volume ω. The microscopic equations are based on the mass, 

energy, and momentum balance equations for each phase. The mathematical formulation for 

modeling the multi physics sorption phenomena in an MH reactor can be established based on the 

following simplifying assumptions: 

i. There is local thermal equilibrium between hydrogen gas and MH bed boundary. In 

other words, there is a common temperature on the interface between solid and gas 

phases and no temperature slip is involved. 

ii. Since the operating conditions are close to ambient temperature, and pressure, the 

gaseous phase within the metal hydride (MH) bed is considered to be an ideal gas. 

This allows for the utilization of the ideal gas equation for relating pressure and 

density of hydrogen in the bed. 
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iii. The radiation heat transfer mechanism is neglected because the system is operated 

in a moderate temperature range. 

iv. The volumetric expansion/compression, viscous dissipation, and porosity variation 

of MH during the absorption/desorption process are considered negligible (Busqué 

et al. 2017). 

3.3.1. Conservation of Mass: 

The mathematical model for heat and mass transport in the MH bed integrates the principles 

of mass, energy, and momentum conservations within the reactive porous medium. These governing 

principles are coupled to formulate the modeling equations for MH-based hydrogen storage reactors 

(Satheesh, Muthukumar, and Dewan 2009; Yang et al. 2010; Elkhatib and Louahlia 2023). The 

conservation of mass for the gas phase is given by eq. (3) (Yang et al. 2010; Nam, Ko, and Ju 2012; 

Muhammad Hasnain et al. 2023). 

𝜕𝜀g𝜌g

𝜕t
+ ∇(𝜌g𝑈⃗⃗ ) = −𝑚̇ 

 

(3) 

Assuming hydrogen behaves as an ideal gas (as per eq. (4)) and incorporating Darcy's law 

given by eq. (5), the mass conservation equation for hydrogen can also be expressed as shown in eq. 

(6). 

ρg =
MgPg

RTg
 

(4) 

U⃗⃗ = −
K

μ
∇Pg  (5) 

εMg

Rg

1

Tg

∂(Pg)

∂t
+

εMgPg

Rg

∂

∂t
(

1

Tg
) −

k

vg

1

r

∂

∂r
(r

∂(Pg)

∂r
) −

k

vg

∂2(Pg)

∂z2
= −ṁ 

(6) 

In many studies the pressure gradients in the porous MH bed are considered negligible, due 

to the low hydrogen velocity (Elkhatib and Louahlia 2023; Ben Nasrallah and Jemni 1997; A. Jemni 

and Nasrallah 1995a; Mohammadshahi, Gray, and Webb 2016b; Hatem Ben Mâad et al. 2016; Chaise 
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et al. 2009). Under the assumption of uniform pressure, the mass transfer equations for gaseous and 

solid phase are given by eq. (7a) and (7b) respectively (Yao et al. 2020b): 

∂εMHρg

∂t
 = −ṁ  (7a) 

∂(1−εMH)ρs

∂t
= ṁ  (7b) 

Where εMH and ρg represent the bed porosity and hydrogen density respectively, while U⃗⃗  

stands for Darcy’s velocity of hydrogen inside the bed given by eq. (5) where the parameters K, and 

μ represent the bed permeability and dynamic viscosity of hydrogen respectively, while ∇Pg denotes 

the pressure gradient in the computational domain. 

3.3.2. Reaction Kinetics: 

The source term in mass conservation equation (ṁ) is obtained from the reaction kinetics 

and represents the absorption/desorption reaction rate of hydrogen per unit volume at a specific 

operating pressure given by eq. (8) and eq. (9) (Hatem Ben Mâad et al. 2016; A. Jemni and Nasrallah 

1995c; Tao and He 2015; Gkanas et al. 2018; Nam, Ko, and Ju 2012). In other words, it relates the 

hydrogen uptake/release rate with the species concentrations (Mohammadshahi, Gray, and Webb 

2016b). To establish a relationship for an MH reactor, Supper et al. (Supper, Groll, and Mayer 1984) 

and Suda et al. (Suda, Kobayashi, and Yoshida 1980) conducted experiments for the hydrogenation 

of metals like LaNi5 and MmNi5. The reaction kinetics relations for the heat and mass transfer in 

AB5 types of MH systems presented by Mayer et al. (Mayer, Groll, and Supper 1987) have served 

as a foundation for subsequent researchers in modeling MH reactors (Akanji and Kolesnikov 2012; 

Ben Nasrallah and Jemni 1997; A. Jemni and Nasrallah 1995b; Askri, Ben Salah, et al. 2009). 

mȧ = ka ⋅ e
(−

Ea
R Tb

)
⋅  ln (

Pg

Peq,a
) ⋅ (ρsat − ρs) (8) 

mḋ = kd ⋅ e
(−

Ed
R Tb

)
⋅  (

Pg − Peq,d

Peq,d
) (9) 
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In eq. (8) and eq. (9), ρsat and ρemp represent the saturation density of the bed, and hydrogen-

free metal hydride density respectively. ka and kd are the rate constants, while Ea and Ed represent 

the activation energy for hydrogen absorption and desorption respectively.  

The equilibrium pressures, Peq,a and Peq,d in eq. (8) and eq. (9) play a significant role in 

controlling the rates of both absorption and desorption reactions, as evident from eq. (3) and (4). The 

difference between the equilibrium pressure and the hydrogen pressure in the domain serves as the 

driving force for sorption processes. This implies that lower equilibrium pressure, given the same 

hydrogen pressure, leads to faster hydrogen absorption, while a higher equilibrium pressure enhances 

desorption (Mohammadshahi, Gray, and Webb 2016b). 

The van ‘t Hoff equation, shown by eq. (10a), has been used in the literature to relate the 

equilibrium pressure (Peq) to the absolute bed temperature (Tb), the change in enthalpy (ΔH) and 

entropy (ΔS) at a specific reacted fraction (X) (Mellouli et al. 2010; Nam, Ko, and Ju 2012). For a 

specific metal hydride, the constant value of the change in enthalpy and entropy at a particular 

reaction fraction implies that the equilibrium pressure is not solely a function of bed temperature but 

also depends on the reacted fraction (H/M atomic ratio) (Nyamsi, Yang, and Zhang 2012; Walker 

and Institute of Materials 2008). The correlation of the equilibrium pressure with H/M atomic ratio 

and bed temperature, derived through van ‘t Hoff equation, is given by eq. (10b).  

Peq = exp (
ΔH

R Tb
−

ΔS

Rg
) (10a) 

Peq = f (
H

M
) ⋅ exp (

ΔH

R 
(
1

Tb
−

1

Tref 

)) (10b) 

Many other studies in the literature use an alternative approach based on the reacted fraction 

to solve the rate of absorption/desorption per unit volume (Nyamsi, Yang, and Zhang 2012; Yang et 

al. 2010; Ye et al. 2022; Bao, Yang, Wu, Cao, et al. 2013a). The formulation for that approach is 

presented in eq. (11)-eq. (13). The reacted fraction of hydrogen (X) is the parameter (Yang et al. 

2010; Chibani, Merouani, and Bougriou 2022; Nyamsi, Yang, and Zhang 2012) that quantifies the 
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H/M atomic ratio on a scale of 0 to 1. Following a linear interpolation and taking ρs =  ρsat when X 

= 1, and ρs = ρemp when X = 0, the equation representing the reacted fraction X is shown by eq. 

(11). 

X =
rhos − rhoemp

rhosat − rhoemp
 

(11) 

ṁ =
(1 − εMH)ρMH

MMH
[
H

M
]
max

dX

dt
 

(12) 

dX

dt
= ka ⋅ e

(−
Ea

R Tb
)
⋅  ln (

Pg

Peq,a
) (1 − X) 

(13a) 

dX

dt
= kd ⋅ e

(−
Ed

R Tb
)
⋅  (

Pg − Peq,d

Peq,d
) (X) 

(13b) 

Achieving the most appropriate equilibrium pressure (Peq) is crucial for efficient MH tank 

design, emphasizing the need for accurate expressions for Peq (Wijayanta et al. 2011; Mat and Kaplan 

2001). While a temperature dependent van ‘t Hoff relation is widely used by the researchers to 

determine the equilibrium pressures, there are many studies utilizing the PCT and reaction kinetics 

parameters for determining the equilibrium pressures (Nishizaki, Miyamoto, and Yoshida 1983; 

Yang et al. 2010). Eq. (14a) and (14b) show the relations for absorption and desorption equilibrium 

pressures, respectively. These equations consider the effects of hysteresis and plateau slope 

(Nishizaki, Miyamoto, and Yoshida 1983) and exhibit a strong dependency on both the bed 

temperature and the reacted fraction. The values for the PCT parameters for absorption and 

desorption changes slightly in different studies as can be noticed from the studies done by (Yang et 

al. 2010; Muhammad Hasnain et al. 2023). 

Peq,a =   exp (
ΔS

R
−

ΔH

R Tb
+ (ϕ + ϕ0) ⋅ tan (π (X −

1

2
)) +

β

2
) (14a) 

Peq,d =   exp (
ΔS

R
−

ΔH

R Tb
+ (ϕ − ϕ0) ⋅ tan (π (X −

1

2
)) −

β

2
) (14b) 
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Yao et al. (Yao et al. 2020b), Elkhatib et al. (Elkhatib and Louahlia 2023) and many other 

researchers (Kyoung et al. 2015; Chung and Ho 2009; Elkhatib and Louahlia 2023; Mohan, Prakash 

Maiya, and Srinivasa Murthy 2007; Kumar Phate, Prakash Maiya, and Murthy 2007; MacDonald 

and Rowe 2006) used a different approach by assigning 
ΔS

R
− ln(10) = A and 

ΔH

R
= B and considered 

the simplified version of the equilibrium pressure equation, obtained from Van't Hoff equation, that 

is only a function of temperature as listed in eq. (15). 

ln (
Peq 

Pref 

) = A −
B

Tb
 (15) 

Where Pref = 10 bars. 

In eq. (15) the values of A and B were considered to be 10.7 and 3704.6, respectively, and 

the reference pressure Pref  was taken as 10 bars. Elkhatib et al. (Elkhatib and Louahlia 2023) utilized 

the same relation for the equilibrium pressure, but they considered A = 14.045 and B = 3719 based 

on the experimental data, following by the regression analysis. 

3.3.3. Conservation of Energy: 

Considering local thermal non-equilibrium within the metal hydride (MH) bed, the energy 

balance equations can be formulated independently for the gas and solid phases within the porous 

MH bed. In 1995, Jemni and Nasrallah introduced their two-dimensional heat and mass transfer 

models for absorption and desorption in MH beds (A. Jemni and Nasrallah 1995b; 1995c), suggesting 

the following local thermal non-equilibrium equations for each phase. 

(1 − ε)ρs
sCps

∂Ts

∂t
= (1 − ε)λs∇

2Ts − Hgs(Tg − Ts)Ac + ṁ (ΔH + CpsTs − CpgTg) (16) 

ερg
g
Cpg

∂Tg

∂t
= ελg∇

2Tg − ρg
g
Cpgv⃗ ⋅ ∇Tg + Hgs(Tg − Ts)Ac + ṁ Cpg(Tg − Ts) (17) 

In eq. (16), and (17) "s" and "g" stand for the solid and gas phases, Ac represents the solid-

gas contact area, and λ is the thermal conductivity. ṁ is the rate of reacted mass of hydrogen per unit 
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time per unit volume during absorption (Hatem Ben Mâad et al. 2016; Tao and He 2015; Gkanas et 

al. 2018) and Hgs stands for the heat transfer coefficient between the gas and solid phases in the bed. 

The heat transfer equations for both phases include heat conduction (λ∇2T), inter-phase 

natural convection (Hgs(Tg
g
− Ts

s)S), and changes in molecular energy due to sorption of hydrogen 

(ṁCpg(Tg
g
− Ts

s)). Eq. (17) also considers heat transfer due to gas movement (ρg
g
CpgU⃗⃗ ⋅ ∇Tg

g
), and 

the enthalpy changes of the hydriding and dehydriding reactions (ṁ ΔH) which are not needed for 

the solid phase equation. 

Table 3.1: Thermo-physical properties and operating conditions (Yang et al. 2010; Elkhatib 

and Louahlia 2023; Nam, Ko, and Ju 2012; Hasnain, Khan, et al. 2024) 

Parameters Value Unit 

Initial temperature, T0 293 [K] 

Cooling fluid temperature, Tf 293 [K] 

Exerted hydrogen pressure, Pex 6 and 8 [bars] 

Specific heat of hydrogen, Cp,g 14890 [J/(kg. K)] 

Specific heat of the metal, Cp,s 419 [J/(kg. K)] 

Thermal conductivity of hydrogen, kg 0.167 [W/(m. K)] 

Thermal conductivity of the metal, ks 3.18 [W/(m. K)] 

Porosity of the metal, ϵMH 0.5 --- 

Permeability of the metal, K 1.11 × 10−11 [m2] 

Convective heat transfer coefficient, h 1500 [W/(m2. K)] 
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Dynamic viscosity of hydrogen, μ 8.9 × 10−6 [Pa . s] 

Molar mass of hydrogen, Mg 2.0158  × 10−3 [kg/mol] 

 

To obtain the combined heat transfer equation based on local thermal equilibrium 

assumption, equations (16) and (17) are added: 

[(1 − ε)ρs
sCps

∂Ts

∂t
] + [ερg

g
Cpg

∂Tg

∂t
]

= [(1 − ε)λs∇
2Ts − Hgs(Tg − Ts)A

+ ṁ (ΔH + CpsTs − CpgTg)]

+ [ελg∇
2Tg − ρg

g
Cpg𝑈⃗⃗ ⋅ ∇Tg + Hgs(Tg − Ts)A

+ ṁ Cpg(Tg − Ts)] 

(18) 

Adding the corresponding terms in eq. (18) and expanding the terms ṁ (ΔH∘ + CpsTs −

CpgTg) and ṁ Cpg(Tg − Ts) based on distributive property of multiplication over addition will yield 

eq. (19) below: 

[(1 − ε)ρs
sCps

∂Ts

∂t
+ ερg

g
Cpg

∂Tg

∂t
]

= [(1 − ε)λs∇
2Ts + ελg∇

2Tg − Hgs(Tg − Ts)A 

+ Hgs(Tg − Ts)A − ρg
g
CpgU⃗⃗ ⋅ ∇Tg + ṁ ΔH

+ ṁ CpsTs − ṁ CpgTg + ṁ Cpg Tg − ṁ CpgTs] 

(19) 

Cancel out the inverse terms − Hgs(Tg − Ts)A and Hgs(Tg − Ts)A as well as −ṁ CpgTg and 

ṁ Cpg Tg, the equation can be rewritten as: 



41 
 

[(1 − ε)ρs
sCps

∂Ts

∂t
+ ερg

g
Cpg

∂Tg

∂t
]

= [(1 − ε)λs∇
2Ts + ελg∇

2Tg − ρg
g
Cpg𝑈⃗⃗ ⋅ ∇Tg

+ ṁ ΔH + ṁ CpsTs − ṁ CpgTs] 

(20) 

Now substitute 𝑇𝑔 = 𝑇𝑏   and 𝑇𝑠 = 𝑇𝑏 based on local thermal equilibrium assumption to get 

eq. (21). 

[(1 − ε)ρs
sCps

∂T𝑏

∂t
+ ερg

g
Cpg

∂T𝑏

∂t
]

= [(1 − ε)λs∇
2T𝑏 + ελg∇

2T𝑏 − ρg
g
Cpg𝑈⃗⃗ ⋅ ∇Tb + ṁ ΔH + ṁ CpsTs

− ṁ CpgTs] 

(21) 

Taking common factors outside of all the corresponding terms: 

[(1 − ε)ρs
sCps + ερg

g
Cpg]

∂T𝑏

∂t

= [((1 − ε)λs + ελg) ∇2T𝑏 − ρg
g
Cpg𝑈⃗⃗ ⋅ ∇Tb + ṁ (ΔH + T𝑏(Cpg − Cps)] 

(22) 

Substitute [(1 − ε)ρs
sCps + ερg

g
Cpg] = (ρbCp,b)eff and (1 − ε)λs + ελg = λeff in eq. (22) to 

get the final heat transfer equation for the effective medium (MH bed). 

[(ρbCp,b)eff]
∂T𝑏

∂t
= [(λeff∇

2T𝑏 − ρg
g
Cpg𝑈⃗⃗ ⋅ ∇Tb + ṁ (ΔH + T𝑏(Cpg − Cps)] (23) 

Different studies in literature have considered the heat transfer equation differently based on 

various assumptions and these are presented in eq. (24) through (26). Eq. (24) accounts for the impact 

of Darcy's velocity due to pressure gradients but neglects the linear source term responsible for the 

change in molecular energy (Yang et al. 2010; Nam, Ko, and Ju 2012; Mohammadshahi, Gray, and 

Webb 2016b), while eq. (25) neglects the pressure gradients and Darcy’s velocity as well as the linear 

source term (D. Wang et al. 2019; Chibani, Bougriou, and Merouani 2018). Similarly, eq. (26) only 

neglects the convection heat transfer between the two phases due to Darcy’s velocity (Abdelmajid 

Jemni, Nasrallah, and Lamloumi 1999; Elkhatib and Louahlia 2023; Chaise et al. 2009). 
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∂(ρbCp,b)eff Tb

∂t
+ ∇ ⋅ (ρgCp,gU⃗⃗ Tb) = ∇(λeff∇Tb) + ṁ ⋅ ΔH (24) 

∂(ρbCp,b)eff Tb

∂t
= ∇(λeff∇Tb) + ṁ ⋅ ΔH (25) 

∂(ρbCp,b)eff Tb

∂t
= ∇(λeff∇Tb) + ṁ ⋅ ΔH + ṁ ⋅ Tb(Cpg − Cps) (26) 

The coefficients of the transient term, representing the effective heat capacity, and that of 

the diffusion term λeff, representing the effective thermal conductivity, are given by eq. (27) and eq. 

(28) respectively. 

(ρbCp,b)eff = εMHρgCp,g + (1 − εMH)ρsCp,s (27) 

λeff = [εMHλg + (1 − εMH)λMH] (28) 

The coefficient of the transient term in the energy equation, representing the bulk heat 

capacity of the bed, is determined by the product of the MH bed density and specific heat. This value 

accounts for the sum of all constituent phases present in the system (Yang et al. 2010). 

ρbCp,b = ∑  

i=1

εiρiCpi (29) 

The physical parameters like porosity, permeability, initial densities, and other pertinent 

values, considered in this work, are shown in table 3.1. The constant reaction kinetic parameters are 

shown in table 3.2. 

Table 3.2:  Reactions kinetics and P-C-T parameters in eq. (8) to eq. (11) (Yang et al. 2010; Nam, Ko, and 

Ju 2012; Elkhatib and Louahlia 2023; Yuqi Wang et al. 2010) 

Parameters Absorption Desorption Unit References 

Rate constant, ka,d 59.187 9.57 [s−1] (Elkhatib and Louahlia 2023; 

Yang et al. 2010; 

Mohammadshahi, Gray, and 

Webb 2016b) 
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Activation energy, 

Ea,d 

21179 16473 [J mol H2⁄ ] (Elkhatib and Louahlia 2023; 

Yang et al. 2010; 

Mohammadshahi, Gray, and 

Webb 2016b) 

P-C-T parameter, A  13.1  --- (Elkhatib and Louahlia 2023; 

Yang et al. 2010) 

P-C-T parameter, B  3700  [K] (Yang et al. 2010) 

Plateau flatness 

factor, ϕ  

0.038  --- (Yang et al. 2010) 

Plateau flatness 

factor, ϕ0  

0  --- (Yang et al. 2010) 

Hysteresis factor, β  0.137  --- (Elkhatib and Louahlia 2023; 

Yang et al. 2010) 

Reaction enthalpy, 

ΔH 

30100 - 

30800 

 [J/mol] (D. Wang et al. 2019; 

MacDonald and Rowe 2006) 

-(Elkhatib and Louahlia 2023; 

Yang et al. 2010) 

Saturation density, 

ρsat  

6520 - 

8527 

 [kg/m3] (Elkhatib and Louahlia 2023)- 

(Kyoung et al. 2015; Bao, 

Yang, Wu, Nyallang Nyamsi, et 

al. 2013) 
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Hydrogen-free metal 

density, ρemp 

6430 - 

8400 

 [kg/m3] (Elkhatib and Louahlia 2023) 

     

3.4. Computational Domain 

The system can be modeled as an axis symmetrical two-dimensional domain in cylindrical 

coordinates. The dimensions of the MH tank cross section are shown in fig. (3.3a) and fig. (3.3b) 

for reactor 1 and reactor 2 respectively (Hasnain, Sezer, and Mason 2024). These dimensions are 

considered for initial analysis and can be customized to optimize the performance of the system. It 

is assumed that the heat exchange between MH bed and heat transfer fluid takes place instantly and 

hence the tank material (stainless steel/brass) is not considered in the simplified model. 

Reactor 1:  

Axial coordinates:  z = 0 to 25.4 mm 

Radial coordinates: r = ri = 6.35/2 mm to ro = 6.35 mm 

Reactor 2: 

Axial coordinates:  z = 0 to 60 mm 

Radial coordinates: r = ri = 0 to ro = 25 mm 

  

(a) (b) 

Figure 3.3: 2D axis-symmetrical computational domain (a) For reactor 1 (b) For reactor 2 
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3.5. Initial and Boundary Conditions 

3.5.1. Initial conditions: 

It is assumed that the system is in equilibrium thermodynamically. This implies that the 

temperature of the hydride bed and hydrogen gas is the same. Initially, the bed is considered at 

room temperature. 

T(r, z, t = 0) = Tinitial = 298 K 

 

(30) 

3.5.2. Boundary conditions: 

 The insulated tank walls, in the case of reactor 1, are subject to homogeneous Neumann's 

boundary conditions due to zero slip velocity (impermeable wall or no flow condition) and no-flux. 

Likewise, because of the symmetry, the same boundary conditions are applied at the axis of reactor 

2. 

∇Tb = 0,     ∇Pg = 0  (31) 

The boundary conditions for the interfaces where the bed exchanges heat with the cooling 

fluid (heat transfer walls) are given by eq. (32) and (33), where Tf is the temperature of the fluid. 

−λeff ∇Tb   = h(Tb − Tf)  (32) 

∇Pg = 0 (33) 

At the mass transfer interface where hydrogen is absorbed into the bed (mass exchange 

boundary), a Danckwerts’ boundary condition (Siyakatshana, Kudrna, and Machoň 2005) is 

considered as shown by eq. (34a) to ensure the continuous flow rate of hydrogen across the wall 

for the model that considers pressure gradients. In eq. (34a), Tin  represents the temperature of the 

wall in contact with the fluid and is obtained from the energy conservation equation. However, for 

the simplified model with ∇P = 0, this boundary is treated under no flux condition given by eq. 

(34b). 
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− λeff ∇ Tb  = ρg, in U⃗⃗ Cp,g(Tin − Tb) (34a) 

∇Tb = 0 (34b) 

For the model considering Darcy’s velocity, the gas pressure at the mass transfer boundary 

is assumed to be equal to the tank's internal pressure. The mass conservation equation for the 

gaseous phase, along with the ideal gas law, is utilized to determine the density and pressure within 

the bed. Conversely, for the model neglecting pressure gradients, a uniform pressure is assumed 

throughout the entire domain. 

Pg|@ mass transfer interface 
= Pex       (For model considering U⃗⃗ ) (35a) 

Pg = Pex                                           (For model neglecting U⃗⃗ ) (35b) 

3.6. Numerical Approach: Finite Volume Method (FVM) 

The finite volume method is a discretization approach used to solve complex differential 

equations by integrating the equations of mass, energy, and momentum conservation (S. Khan, 

Hasnain, and Sezer 2024; Hasnain, Khan, et al. 2024). This technique divides the domain into a 

finite number of adjacent control volumes, referred to as cells. Within each cell, the values of the 

variable parameters relevant to the differential equations are calculated at the cell's centroid. 

Surface values within the control volume are determined using mathematical interpolation 

methods, such as arithmetic or harmonic means, to accurately represent the distribution of 

variables. Fig. (3.4) illustrates a typical control volume for a two-dimensional model, with each 

cell having four faces labeled as East (E), West (W), North (N), and South (S) (S. Khan et al. 2022; 

Hasnain, Khan, et al. 2024). 

The finite volume method (FVM) utilizes control volumes rather than grid intersection 

points for discretization, which makes it highly adaptable and suitable for various grid types. In this 

study, an open-source finite volume toolbox called Simulkade (Eftekhari and Schüller 2015; S. 

Khan, Hasnain, and Sezer 2024; Hasnain, Paye, et al. 2024; S. Khan et al. 2022; Hasnain, Khan, et 
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al. 2024; Hasnain et al., n.d.) is employed to solve the partial differential equations (PDEs) resulting 

from the coupling of conservation equations and Darcy's law. To ensure the reliability of our 

numerical simulations, a mesh and time step independence study was conducted as can be found in 

the supplementary section of our published work (Hasnain, Sezer, and Mason 2024). The results of 

this study confirmed convergence, indicating that the chosen mesh resolution adequately captured 

the physics of the system. Specifically, simulations were performed using a mesh consisting of 15 

cells in the axial direction and 10 cells in the radial direction with a time step of 0.5 seconds. 

This toolbox allows for flexible and customized simulations to accurately model the 

system. FVM inherently satisfies the conservation equations for mass, heat, and momentum 

transfers across the cell boundaries. Therefore, along with more customization, this approach will 

be fast and will yield more accurate results (S. Khan et al. 2022; S. Khan, Hasnain, and Sezer 2024; 

S. Khan, Hasnain, and Casa 2024; M. U. Khan, Hasnain, and Khan 2024; Hasnain, Paye, et al. 

2024; Hasnain, Khan, et al. 2024; S. Khan et al. 2024; Hasnain et al., n.d.; 2022). 

 

 

Figure 3.4: Control volume for two-dimensional model (In 2D, each cell has four faces labeled 

with east (E), west (W), north (N), and south (S)) 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

4.1. Results for Hydrogen Absorption Process in MH Reactors 

4.1.1. Equilibrium Pressure as a Function of Temperature and H/M Atomic Ratio 

To validate our hydrogen absorption model against experimental data, initial numerical 

simulations were performed. Fig. (4.1) provides a comprehensive comparison of experimental and 

theoretical equilibrium pressure profiles at various temperatures, for LaNi5 alloy as the hydrogen 

absorption material. The equilibrium pressure (Peq) is plotted against temperature and the 

hydrogen-to-metal atomic ratio (H/M) since it is not a function of the reactor size or computational 

domain. The H/M atomic ratio is derived by multiplying the reacted fraction 'X' in the model by 6, 

as it takes 6 hydrogen atoms to fully saturate LaNi5 and transform it into LaNi5H6. The model's 

predictions exhibit strong agreement with the experimental equilibrium pressure data (Dhaou et al. 

2007), confirming its accuracy. 

 

Figure 4.1:  Equilibrium pressure as a function of the H/M atomic ratio and temperature for 

hydrogen absorption (experimental data source: Dhaou et al. (Dhaou et al. 2007)) 

4.1.2. Effect of Pressure Gradients on the Reacted Fraction Profile 

Fig. (4.2a) presents the reacted fraction profile for reactor 1, where both models, one 

incorporating Darcy's law and the other without, closely match experimental data from Yang et al. 
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(Yang et al. 2010). The model neglecting Darcy's velocity assumes uniform pressure, implying 

instantaneous and uniform hydrogen availability at a constant pressure across the entire domain. 

Although it slightly overestimates the charging rate compared to experimental data, the overall 

agreement remains acceptable. In contrast, including pressure gradients improves results but 

introduces significant numerical instability and stiffness. Given that the simplified model without 

pressure gradients aligns well with experimental data and requires less computational time, it is 

selected for further analysis. 

During the initial absorption stages (first 50 seconds), both models produce similar results 

because pressurized hydrogen is readily available throughout the system. However, as the process 

continues, the model results diverge due to increasing pressure gradients, resulting from a 

concentration of hydrogen exceeding the advection supply. Near the end of the absorption process, 

the profiles reunite as the reaction rate slows down, and advection-driven hydrogen supply becomes 

sufficient to overcome the pressure gradients. 

Different studies have reported varying values for PCT parameters A and B, with A ranging 

from 10.7 (Nam, Ko, and Ju 2012) to 14.045 (Yang et al. 2010; Elkhatib and Louahlia 2023), and 

B ranging from 3704.6 (Nam, Ko, and Ju 2012; Elkhatib and Louahlia 2023) to 3780 (Yang et al. 

2010).  To validate the results of the developed simplified model without considering pressure 

gradients against the model considering them, A = 13.1 and B = 3719.59 were used based on the 

model developed by Nam et al. (Nam, Ko, and Ju 2012). Fig. (4.2b) illustrates a good agreement 

in the mean reacted fraction profiles for reactor 2 between both models. 
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(a) (b) 

Figure 4.2: Validation of reacted fraction profiles (a) For reactor 1 with experimental data 

(Yang et al. 2010), (b) Comparison between simplified model (no pressure gradients) and Nam 

et al. model (considering darcy’s law) for reactor 2 (Nam, Ko, and Ju 2012) 

4.1.3. Temperature Profile Validation 

Fig. (4.3a) provides a comparison of temperature evolution profile for reactor 2, as 

predicted by the developed numerical model, and measurements conducted by Jemni and Nasrallah 

(A. Jemni and Nasrallah 1995b; Abdelmajid Jemni, Nasrallah, and Lamloumi 1999) inside the MH 

bed at r = 1.5 cm and z = 4.5 cm. Our numerical model demonstrates a strong agreement with 

experimental data, affirming the model's accuracy. Both simulations and experiments exhibit an 

initial rapid temperature increase, reflecting fast hydrogen absorption kinetics during the initial 

stage, followed by a gradual decline in temperature due to cooling fluid influence and diminishing 

absorption rates caused by an increase in equilibrium pressure. 

In fig. (4.3b), temperature profiles are compared at the point indicated in fig. (6a) (with 

PCT parameters A = 13.1 and B = 3719.59) between Nam et al.'s model (Nam, Ko, and Ju 2012), 

which accounts for Darcy velocity due to pressure gradients, and the developed model with a 

constant input pressure throughout the domain. The comparison reveals that the inclusion of Darcy 

effects has a negligible impact on the temperature variation at the selected point within the domain. 
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(a) (b) 

Figure 4.3: Validation of the temperature profile at (1.5 cm, 4.5 cm) for reactor 2 with (a) 

Experimental data (Abdelmajid Jemni, Nasrallah, and Lamloumi 1999; Elkhatib and Louahlia 

2023) , (b) Comparison with Nam et al. model (Nam, Ko, and Ju 2012) 

4.1.4. Temperature and Reacted Fraction Contours at Different Times 

4.1.4.1. Contours for Reactor 1 

The distribution of the reacted fraction of hydrogen in the metal hydride (MH) bed and 

temperature in the domain during the absorption process at three different times were analyzed. 

The three different times considered for retrieving the results are 10, 100 and 600 seconds, 

corresponding to the start, middle, and end of the absorption process, respectively (Hasnain, Khan, 

et al. 2024). 

The results showed that at 10 seconds, the reacted fraction of hydrogen in the domain varied 

from 9.5% at the heat transfer boundary (outer boundary) to 12.5% at the mass transfer boundary 

(inner boundary) as shown in fig. (4.4a). This indicates that the absorption rate was higher at the 

inner boundary due to direct contact with hydrogen. Additionally, the temperature distribution at 

the beginning of the absorption process (as shown in fig. (4.5a)) revealed a maximum temperature 
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of approximately 301 K at the inner boundary and a minimum temperature of about 295 K at the 

outer boundary, where it was in contact with the low-temperature cooling fluid. 

 
  

(a) (b) (c) 

Figure 4.4: Comparison of reacted fraction contours for reactor 1 at (a) Time = 10 seconds (11% 

charged system: start of the absorption process) (b) Time = 100 seconds (63% charged system: 

middle of the absorption) (c) Time = 600 seconds (99.3% charged system: end of the absorption) 

(Hasnain, Khan, et al. 2024) 

* Notice that the contours look the same at all the 3 times, but the coloring scale keeps changing. The purpose of showing these contours 

was to show how the reacted fraction distribution is changing in the computational domain. By using the same scale, it would not be 

possible to observe the variations. Therefore, the same scale is not used. 

As the absorption process progressed, the reacted fraction of hydrogen in the MH bed 

increased and spread towards the outer boundary. At 100 seconds, as can be noticed from fig. 

(4.4b), the reacted fraction ranged from 59% at the outer boundary to 67% at the inner boundary, 

indicating that the system was charged to more than 50% of its full capacity within the first 100 

seconds. The high rate of absorption was facilitated by the significant temperature difference 

between the cooling fluid and the MH bed. Interestingly, the temperature distribution revealed a 

reduction in temperature in the MH bed, despite the exothermic nature of the absorption process, 

as the cooling fluid absorbed the heat from the computational domain. The temperature profile in 

fig. (4.5b) indicated that the temperature of the MH bed decreased from 298 K to 285 K at the heat 

transfer boundary and to 288 K at the mass transfer boundary, suggesting that the rate of heat release 
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due to absorption was less than the rate of heat absorption by the cooling fluid (Hasnain, Khan, et 

al. 2024). 

   

(a) (b) (c) 

Figure 4.5: Comparison of temperature contours for reactor 1 at (a) Time = 10 seconds (11% 

charged system: start of the absorption process) (b) Time = 100 seconds (63% charged system: 

middle of the absorption) (c) Time = 600 seconds (99.3% charged system: end of the absorption) 

(Hasnain, Khan, et al. 2024) 

* Notice that the contours look the same at all the 3 times, but the coloring scale keeps changing. The purpose of showing these contours 

was to show how the temperature distribution changes in the computational domain. By using the same scale, it would not be possible 

to observe the variations. Therefore, the same scale is not used. 

The final stage of the absorption process was analyzed by studying the distribution of the 

reacted fraction of hydrogen in the MH bed at 600 seconds. The results from fig. (4.4c) indicate 

that the reacted fraction increased to a maximum of 99.31% at the inner boundary and 99.27% at 

the outer boundary. This suggests that most of the metal molecules LaNi5 are now attached with 

hydrogen and are present as LaNi5H6, indicating that the absorption process has almost reached the 

saturation point (Hasnain, Khan, et al. 2024). 

As the absorption progresses to saturation, its rate becomes negligible, and the rate of heat 

production also decreases. Therefore, the cooling fluid absorbs heat from the MH bed, and it can 

be observed from fig. (4.5c) that the whole domain is almost at the same temperature as the initial 

temperature of the cooling fluid. 
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4.1.4.2.    Contours for Reactor 2 

Fig. (4.6) presents contours showing the mean reacted fraction within reactor 2 at three 

different times. Considering the total absorption duration as 3000 seconds, as indicated in fig. (4.8), 

the reacted fraction contours at 100 seconds, 1000 seconds, and 2000 seconds, corresponding to 

3.3%, 33.3%, and 66.7% respectively, are illustrated in fig. (4.6a), (4.6b), and (4.6c) respectively. 

Initially, as depicted in fig. (4.6a), absorption occurs uniformly throughout the entire bed until the 

temperature reaches approximately 335 K, as shown in fig. (4.7a). Subsequently, absorption stops 

due to the temperature's influence on the equilibrium pressure. At this point, the cooling fluid begins 

absorbing heat from the cooling boundaries, leading to the propagation of absorption contours from 

the heat transfer boundaries towards the interior of the bed. The distributions of the reacted fraction 

and temperature within the reactor bed are shown in fig. (4.6a), (4.6b), (4.6c) and fig. (4.7a), (4.7b), 

(4.7c) respectively. 

  
 

(a) (b) (c) 

Figure 4.6:Comparison of reacted fraction contours for reactor 2 at (a) Time = 100 seconds 

(3.3% of the Charging Duration) (b) Time = 1000 seconds (33.3% of the Charging Duration) (c) 

Time = 2000 seconds (66.7% of the Charging Duration) 
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(a) (b) (c) 

 Figure 4.7: Comparison of temperature contours [in Kelvin] for reactor 2 at (a) Time = 100 

seconds (3.3% of the Charging Duration) (b) Time = 1000 seconds (33.3% of the Charging 

Duration) (c) Time = 2000 seconds (66.7% of the Charging Duration) 

4.1.5. Shape Consideration for Reactor 2 

Fig. (4.8a) presents a comparison of mean reacted fraction transients for two cross sections 

with equal volumes. The standard reactor, as considered in previous studies (Abdelmajid Jemni, 

Nasrallah, and Lamloumi 1999; Elkhatib and Louahlia 2023), has dimensions of 50 mm (diameter) 

and 60 mm (length), resulting in a volume of 117.8 cm3. Given the saturation density of ρsat =

6.52 g/cm3 and the empirical density of ρemp = 6.43 g/cm3, this is equivalent to a capacity of 

10.6 grams. To illustrate the impact of altering the cylindrical reactor's dimensions while 

maintaining the same volume, another square cross-section with a diameter and length of 53.133 

mm is considered, derived from the relation shown above. 

The figure shows that changing the cross-section from rectangular to square increases the 

charging time from 2811 seconds to 3106.5 seconds. Charging time, in this case, is defined as the 

time when absorption reaches approximately 99.46% of total capacity. This change indicates that 

larger axial dimensions result in shorter charging times, as the cooling fluid surrounds both lateral 

sides, increasing heat exchange with the bed. Similarly, fig. (4.8b) shows the comparison of mean 

temperature profiles. As anticipated from fig. (4.8a), the square reactor takes longer to reach the 

fluid temperature due to the lower surface area exposed to the low-temperature fluid. 
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(a) (b) 

Figure 4.8:  Comparison of (a) Reacted fraction and (b) Temperature evolution profiles 

4.1.6. Reactor Size Impact on Charging and Temperature Profiles 

Fig. (4.9a) illustrates reacted fraction profiles for different reactor sizes, demonstrating that 

increased reactor dimensions lead to longer charging times. Fig. (4.10a) and (4.10b) depict the 

relationships between reactor dimensions and their respective charging durations. For the analyzed 

square cross-sections, length and charging time exhibit a second-order polynomial correlation, 

implying a linear relationship between area and charging time. In fig. (4.9b), the impact of reactor 

size on mean bed temperature is depicted. Larger reactors exhibit minimal differences in maximum 

temperature at the start of absorption. However, they take a longer duration to reach the cooling 

fluid's temperature as the cooling effect propagation through the entire domain is more time-

consuming than in smaller reactors. The reactor sizes considered in fig. (4.9a) and (4.9b) have 

hydrogen mass capacities of about 1.11 g, 4.52 g, 8.84 g, 15.2 g, and 24.25 g respectively. 
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(a) (b) 

Figure 4.9: The effect of reactor size on (a) Mean reacted fraction profile and (b) Temperature 

evolution profile 

4.1.7. Pressure, Cooling Fluid Temperature and Boundary Conditions Analysis 

The hydrogen feed pressure and cooling fluid temperature are two determining parameters 

for optimizing the storage system's performance. Fig. (4.11) compares reacted fraction profiles for 

charging pressures of 6, 8, and 10 bars. Higher hydrogen charging pressures result in shorter 

charging durations. Specifically, increasing the hydrogen supply pressure from 6 to 8 bars reduces 

the charging time by approximately 12.4 minutes, while further elevating it to 10 bars results in an 

additional 7-minute reduction in charging time. These findings underscore the importance of 

considering the required charging time when adjusting the hydrogen feed pressure in the reservoir. 

  



58 
 

(a) (b) 

Figure 4.10: Correlation of charging duration with (a) Length of the reactor, (b) Cross-sectional 

area of the reactor 

Similarly, examining the temperature profiles presented in fig. (4.12a) and (4.12b), it 

becomes evident that pressure not only influences charging time and reaction kinetics but also 

significantly elevates the maximum temperature within the bed. Additionally, higher charging 

pressure leads to a more rapid convergence of bed temperature to the cooling fluid temperature. 

Two primary factors contribute to this behavior. Firstly, the accelerated reaction rates at higher 

pressures drive the system towards saturation more quickly, reducing heat generation near 

saturation. Secondly, the initially high reaction rates result in elevated bed temperatures, promoting 

increased heat exchange with the cooling fluid due to greater convection flux driven by the higher 

temperature gradient. 

 

Figure 4.11: Comparison of the mean reacted fraction profiles for different charging pressures 

Fig. (4.13a) demonstrates the comparison of reacted fraction profiles at different cooling 

fluid temperatures: 20°C, 30°C, and 40°C. Clearly, the temperature of the cooling fluid 

substantially influences reaction kinetics, consequently affecting the system's charging time. 

Increasing the cooling fluid temperature from 20°C to 30°C results in an additional 14 minutes of 

charging time, while further increasing it to 40°C extends the charging time by an additional 26 
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minutes. Lowering the cooling fluid temperature reduces the charging time, although this effect 

becomes less pronounced as temperatures decrease. 

   

(a) (b) 

Figure 4.12: Comparison of the temperature profiles for different charging pressures (a) At (15, 

45) mm, (b) Mean temperature 

Fig. (4.13b) presents the reacted fraction profiles corresponding to three distinct boundary 

conditions. In the first case, a non-homogeneous flux boundary condition is considered with the 

cooling fluid at 293 K. The constant temperature cooling fluid (water) is considered to be moving 

with a steady velocity alongside the bed. Due to the varying temperature at the interface, a non-

homogeneous heat flux occurs from the bed to the fluid. In the second case, a Dirichlet boundary 

condition with a temperature of 293 K is introduced, symbolizing the replacement of cooling fluid 

with a phase change material (having 293 K as its phase change temperature). This assumption is 

only valid when the absorbed heat by the material is less than the latent heat. Finally, the third 

boundary condition assumes a Dirichlet boundary condition at 273 K, signifying the utilization of 

water/ice as the phase change material (PCM). Transitioning from the first to the second boundary 

condition reduces the charging time from 2792 seconds to 2643.5 seconds, and further transitioning 

to the third boundary condition reduces it to 1849.5 seconds. This analysis emphasizes the 
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significant influence of boundary conditions, especially the incorporation of phase change 

materials, on the system's charging duration. 

  

(a) (b) 

Figure 4.13: Comparison of mean reacted fraction profiles for different (a) Cooling fluid 

temperatures, (b) Boundary conditions 

4.2. Results for Hydrogen Desorption Process in MH Reactors 

4.2.1. Validation of the Developed Numerical Model for Desorption 

4.2.1.1. Peq as a Function of Temperature and H/M Atomic Ratio 

To validate the hydrogen desorption model, initial numerical simulations were performed 

to predict and compare the equilibrium pressure profiles at different temperatures against the 

experimental data (Kyoung et al. 2015). Fig. 4.14 provides a comparison of experimental and model 

equilibrium pressure profiles at various temperatures, for LaNi5H6 as the hydrogen desorption 

material. The equilibrium pressure is plotted against hydrogen-to-metal atomic ratio (H/M) at 

various temperatures. The predictions from the model are in good agreement with the experimental 

equilibrium pressure data. The results clearly show that equilibrium pressure is not only a function 

of temperature but also strongly depends on the H/M atomic ratio especially in the beginning and 

end of the desorption process. 
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Figure 4.14: Equilibrium pressure as a function of H/M atomic ratio and temperature for 

hydrogen desorption (experimental data source: (Kyoung et al. 2015)) 

4.2.1.2. Effect of Pressure Gradients on the Reacted Fraction Profile 

Fig. (4.15) shows the reacted fraction profile during the desorption process for reactor 1. 

The current model neglects the effects of Darcy's velocity due to pressure gradients and assumes 

uniform pressure throughout the domain, implying instantaneous and uniform hydrogen 

availability at a constant pressure in the bed. The discharging curve from the current model is 

compared to the experimental data (taken from Yang et al. (Yang et al. 2010)) as well as Yang et 

al. model (Yang et al. 2010) that considers the effect of pressure gradients. It can be observed that 

the profile from the current model matches more closely to the experimental data demonstrating 

the negligible effect of considering Darcy’s velocity due to the pressure gradients on the overall 

results. This concludes that even though including pressure gradients introduces significant 

numerical instability and stiffness to the modeling equations, its impact on the discharging curve is 

minimal. 
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Figure 4.15:  Experimental validation and verification of reacted fraction profile with Yang et 

al. (yang et al. 2010) for reactor 1 

4.2.1.3. Temperature Profile Validation 

Fig. (4.16a) and (4.16b) present time histories of temperatures at points A and B, 

respectively, providing a comparison between experimental data and Kyoung et al. model (Kyoung 

et al. 2015). The locations of these points on the cross-section of reactor 2 are depicted in fig. 

(4.16c). The results obtained from the current model are for PCT parameters A = 14.045 and B = 

3704.6 (Yang et al. 2010; Elkhatib and Louahlia 2023). Despite neglecting pressure gradients in 

the bed, the present numerical model exhibits strong agreement with experimental data, confirming 

the accuracy of the model. The comparison of both models clearly indicates that the inclusion of 

pressure gradients does not have significant impact on the temperature distribution in the MH bed. 

Both the model and experimental results depict an initial rapid temperature drop, indicating 

a fast hydrogen desorption rate at the beginning. This is followed by a gradual rise in temperature, 

attributed to the influence of the heat transfer fluid and a decrease in equilibrium pressure. 
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(a) (b) 

 

(c) 

Figure 4.16: Experimental validation and verification of the temperature profiles with Kyoung 

et al. model (Kyoung et al. 2015) for reactor 2 (a) At point A, (b) At point B (c) locations of 

point A and point B in the reactor 2 

4.2.2. Parametric Analysis of Pressure, Heating Fluid Temperature, and Porosity for 

Reactor 2 

The desorption pressure and heating fluid temperature are two important parameters for 

optimizing the reactor discharging duration. Fig. (4.17) compares reacted fraction profiles and 

mean temperature histories for discharging pressures of 100, 250, and 500 millibars at heating fluid 

temperature of 323 K. It can be observed from Fig. (4.17a) that lower hydrogen pressures result in 

faster desorption rates and ultimately shorter discharging durations. By reducing the pressure from 
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500 to 100 millibars, the discharging time decreases from approximately 10,000 seconds to about 

8,000 seconds. These results demonstrate that, based on the reactor design and other constraints, 

the desired discharging duration can be achieved by adjusting the pressure inside the bed. 

  

(a) (b) 

Figure 4.17: Comparison of the (a) Mean reacted fraction profiles (b) Time histories of mean 

temperature, at different discharging pressures 

Likewise, upon analyzing the temperature histories depicted in fig. (4.17b) corresponding 

to varying pressures, it becomes evident that discharging pressure not only impacts the duration of 

the desorption process and reaction kinetics but also influences the minimum mean temperature 

attained inside the bed. By increasing the pressure from 100 to 500 millibars, the minimum mean 

temperature rises from 280 K to about 290 K. Note that the at the beginning of the desorption 

process the sudden drop in temperature is attributed to the rapid desorption of hydrogen initially, 

which consumes a significant amount of heat since the reaction is endothermic. 

Additionally, higher discharging pressure results in delaying the bed temperature to reach 

the heating fluid temperature. The first factor responsible for this behavior is the accelerated 

desorption at lower pressures that makes the reactor discharge quickly, reducing the amount of heat 

consumed at the later stages of the desorption. The initial high reaction rates due to lower pressure 

also results in lowering bed temperatures, promoting increased heat exchange with the heating fluid 
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due to greater convection flux driven by the higher temperature gradient. It is clear that higher 

discharging pressure prolongs the time taken for the bed temperature to reach the heating fluid 

temperature. This phenomenon is influenced by two primary factors. Firstly, higher pressures 

decelerate the desorption process, leading to relatively higher heat consumption in the later stages. 

Secondly, the initial low reaction rates at higher pressures result in higher bed temperatures, 

reducing the heat exchange rate with the heating fluid due to a lower convection flux resulting from 

low temperature gradient. 

Figure (4.18a) demonstrates the impact of heating fluid temperature on the discharging 

profile for a desorption pressure of 85 millibars. In this study, the heating fluid is assumed to be 

flowing at a steady speed and constant temperature. The reacted fraction profiles are plotted for 

temperatures of 20°C, 25°C, 40°C, and 50°C, that cover the commonly adopted temperature range 

in the literature for the heating fluid. As the temperature of the heat transfer fluid increases, 

desorption accelerates because higher temperatures enhance the convective heat flux from the fluid 

to the bed due to greater temperature gradients. By increasing the heat transfer fluid temperature 

from 20°C to 50°C, the discharge time decreases from about 12,000 seconds to 7,000 seconds, 

representing a reduction in desorption duration of more than 40%. Evidently, the temperature of 

the heating fluid significantly influences reaction kinetics, thereby affecting the discharging time 

of the reactor. 
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(a) (b) 

Figure 4.18: Comparison of the (a) Mean reacted fraction profiles (b) Time histories of mean 

temperature, at different heating fluid temperatures 

Similarly, in fig. (4.18b), the impact of heating fluid temperature on the time histories of 

mean bed temperatures is depicted. It is clear that higher fluid temperatures result in a reduction of 

the minimum mean temperature attained in the bed, consequently accelerating the rate of desorption 

reaction due to its endothermic nature. The minimum mean temperature, approximately 265 K at 

20°C, increases to about 280 K as the heating fluid temperature rises to 50°C. Moreover, at higher 

fluid temperatures, the mean temperature converges to the fluid temperature more rapidly as the 

system discharges at a higher rate. 

The porosity of MH bed is another material property that can influence the discharging 

kinetics and temperature distribution in the bed. Various values of porosities ranging from 0.5 to 

0.63 are considered in literature. Fig. (4.19a) and (4.19b) respectively depict the effect of changing 

porosity on the reacted fraction profile and the time history of mean temperature in the bed for a 

heating fluid temperature of 323 K and a desorption pressure of 85 millibars. Observing fig. (4.19a), 

it is evident that as the porosity increases from 0.50 to 0.63, the discharging duration increases from 

around 6,000 to 8,000 seconds. This behavior can be attributed to the lower effective thermal 

conductivity of the bed and faster initial desorption due to high porosity, leading to a lower mean 

temperature attained as depicted in fig. (4.19b). 
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(a) (b) 

Figure 4.19: Comparison of the (a) Mean reacted fraction profiles (b) Time histories of mean 

temperature, at different porosities of the MH bed 

4.2.3. Reactor Size Impact on Discharging Profile and Temperature Histories 

The size of the reactor is another important parameter that is considered in this work. It is 

important to assess how discharging times and temperature distribution in the reactor change when 

the reactor dimensions vary from the standard size to meet desired energy requirements. In this 

section, for comparison purposes, the reactor is assumed to have equal diameter and length. Both 

the length and diameter are modified by the same amount to preserve symmetric behavior and 

maintain the same effect of heating fluid configuration. 

As illustrated in the reacted fraction profiles in fig. (4.20a), increased reactor dimensions 

result in longer discharging times. Fig. (4.20b) illustrates the relationships between reactor 

dimensions and their respective time histories of mean temperatures. It can be concluded that larger 

reactors achieve lower temperatures in the bed and require a longer duration to reach the 

temperature of the heating fluid. This is because the propagation of the heating effect through the 

entire domain is more time-consuming in larger reactors compared to smaller ones. 
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(a) (b) 

Figure 4.20: Effect of reactor size on the (a) Reacted fraction profiles (b) Time histories of 

mean temperatures 
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CHAPTER 5 

CONCLUSION AND FUTURE SCOPE 

5.1. Conclusion 

An in-house 2D numerical model is developed using the finite volume method and implicit 

Euler’s time integration scheme to analyze the coupled heat and mass transfer within metal hydride 

(MH) reactors during the hydrogen absorption/desorption processes. The model incorporates a 

range of multi physics interactions, including chemical kinetics as well as mass and heat transfer 

by integrating the principles of conservation of mass and energy with hydrogen sorption kinetics 

in MH reactors. The model is validated for both absorption and desorption processes based on the 

experimental data available in the literature and can be implemented to applied to MH reactors 

involving different materials by updating the properties obtained from PCT curves like hysteresis 

term, plateau flatness factor, as well as PCT parameters. 

Firstly, equilibrium pressure as a function of temperature and the hydrogen-to-metal atomic 

ratio (H/M) is plotted, and the equilibrium pressure profiles at varying temperatures are validated. 

Subsequently, two models, one with and one without incorporating pressure gradients, are 

compared. The results of both models show good agreement with experimental data available in 

the literature, successfully capturing the key experimental trends. The incorporation of Darcy's 

velocity in the modeling framework, despite introducing numerical instability, has a negligible 

overall impact on sorption kinetics and temperature histories in the bed. Despite this trade-off, the 

simplified model without pressure gradients aligns well with experimental data, offering a balance 

between precision and computational efficiency. That is why for further analysis in this work, the 

simplified model is chosen. 

Through a rigorous examination of various factors, valuable insights are gained into the 

behavior of MH reactors. The detailed analysis of temperature profiles for absorption reaction 
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revealed an initial rapid increase in temperature followed by a gradual decline due to cooling fluid 

and equilibrium pressure effects. Lower cooling fluid temperatures were found to significantly 

reduce charging durations, emphasizing the importance of optimizing cooling strategies. The 

influence of reactor size and shape on both reacted fraction profiles and temperature evolution 

during charging was explored. Notably, alterations in reactor geometry demonstrated significant 

effects on the charging time, with larger axial dimensions resulting in shorter charging durations. 

This phenomenon arises from the increased exposure of surface area to the cooling fluid, facilitating 

more efficient heat exchange. The results indicated that the relationships between charging duration 

with reactor length and cross-sectional area followed second and first-order polynomial 

correlations, respectively. 

For desorption, the analysis of temperature histories revealed an initial rapid temperature 

decrease followed by a gradual increase due to heat transfer from the heating fluid to the bed and 

the impact of [H/M] on equilibrium pressure. Additionally, the influence of various critical factors 

on the reaction rate in MH reactors was analyzed. Increasing heating fluid temperature for 

desorption significantly reduced discharging duration, highlighting the importance of optimizing 

heating strategies. Furthermore, porosity was identified as another pivotal property impacting 

desorption kinetics and temperature distribution, with increasing porosity leading to longer 

discharging durations and vice versa. 

The transition from a flux boundary condition to a Dirichlet boundary condition at the same 

temperature significantly reduced the charging duration, highlighting the importance of considering 

phase change materials to customize metal hydride hydrogen storage systems for specific 

applications. Adjusting the charging/discharging pressure effectively modulated the 

absorption/desorption duration, with higher pressures resulting in shorter absorption times and 

higher temperature distribution within the bed and vice versa. In short, this work serves as a 
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valuable tool for optimizing MH-based hydrogen storage systems, offering both accuracy and 

computational efficiency. 

This modeling work highlights the critical importance of further investigations into thermal 

management strategies and reactor configurations, serving as a roadmap for future studies aimed at 

enhancing the efficiency, safety, and practicality of metal hydride-based hydrogen storage systems. 

Integrating rigorous mathematical modeling with experimental validation will significantly 

contribute to the ongoing progress and widespread adoption of metal hydrides as sustainable and 

eco-friendly hydrogen storage solutions. 

5.2. Future Scope 

Future research in this field may explore more complex reactor geometries and the 

interactions between various factors to deepen our understanding of metal hydride (MH) systems 

and their broader applications. Expanding the model to three dimensions (3D) will enable the 

incorporation of more intricate bed and flow field geometries. Additionally, parametric studies on 

microstructural properties using percolation theory offer a promising avenue for further 

investigation. 

Further work should focus on identifying metal hydride materials with high gravimetric 

and volumetric capacities and conducting various experimental optimization studies and sensitivity 

analyses across different parameters. Sensitivity studies, coupled with the use of physics-informed 

neural networks, can help develop more robust modeling frameworks. 

The integration of heat transfer fluids with finned heat exchangers into MH reactors and 

conducting parametric studies to optimize the number and size of fins relative to the reactor size is 

another unexplored area in the literature. Moreover, the mathematical modeling of MH reactors 

incorporating fluids and phase change materials (PCM) integrated with finned heat transfer presents 

another promising direction for future research. 
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A B S T R A C T   

This work introduces a transient 2D axis-symmetrical model for hydrogen absorption in a cylindrical LaNi5 
reactor employing finite volume method with a fully implicit Euler’s time integration scheme, coupling equations 
for heat, mass, and momentum transport. The validated model is used to investigate the impacts of pressure, 
cooling fluid temperature, and variations in reactor geometry and size on temperature and reacted fraction 
profiles. The findings reveal that the charging pressure affects both peak temperature and reaction kinetics, 
whereas cooling fluid temperature predominantly impacts the absorption kinetics. A comparative analysis of two 
models, one incorporating Darcy’s velocity and one without, demonstrates that while Darcy’s law introduces 
numerical instability in the coupled equations, its impact on the model outcomes is negligible. The effect of 
changing the non-homogeneous Neumann to Dirichlet boundary condition is also demonstrated to anticipate the 
utilization of phase change materials (PCM) instead of the cooling fluid.   

1. Introduction 

Due to rapidly increasing global energy demands and concerns over 
non-renewable energy sources’ environmental impacts, there is a 
growing need for reliable and sustainable alternatives. Renewable en
ergy technologies, such as solar and wind power, play a crucial role in 
reducing greenhouse gas emissions and meeting energy demands. 
However, their intermittent nature can create imbalances in energy 
supply and demand [1]. Energy storage is a key solution to this chal
lenge. While batteries are commonly used for energy storage, they have 
limitations such as high cost, uncertain lifespan, low energy density, 
self-discharge, safety concerns, and rapid degradation, making them 
unsuitable for long-term and high-capacity applications [2]. In this 
context, hydrogen (H2) emerges as a promising energy storage solution 
[3]. 

Hydrogen, a green energy source, can react with oxygen in fuel cells 
to produce water, heat, and electricity. Its major motivations as an en
ergy source lies in its natural abundance, and high gravimetric energy 
density surpassing that of gasoline and diesel by up to three times [1,4]. 
The excess energy from the renewable sources can be used for water 
electrolysis to generate hydrogen gas which can then be stored and 
utilized in fuel cells to generate electric power when renewable energy 

supply falls short of demand [3,5]. 
The storage of hydrogen presents a significant contemporary chal

lenge, particularly in the context of integrated hydrogen-based systems, 
which necessitate efficient methods for storing and transporting H2 for 
various applications [6,7]. Depending on the specific application, 
hydrogen can be stored either as a high-pressure gas or in liquid form, 
especially when space and weight considerations are critical. In its 
gaseous state, hydrogen exhibits a low volumetric energy density, 
approximately 27 kg H2/m3 as shown in Table 1 [8]. Consequently, a 
substantially larger storage area is required relative to alternative en
ergy storing solutions, posing technical challenges in storage, trans
portation, and portable applications [4,9]. 

To address this issue, two primary approaches have been explored: 
high-pressure gas compression at around 700 bars and liquefaction 
achieved by maintaining cryogenic temperatures near 20 K. However, 
both methods require additional costs associated with extreme tem
perature and pressure conditions [10–12]. Among these, high-pressure 
compression is the prevailing commercial method for hydrogen stor
age due to its simplicity and maturity [3]. Conversely, the liquefaction 
process consumes up to 30% of the output energy, rendering it less 
efficient [1,13]. Both of these solutions encounter notable limitations in 
large-scale applications, including safety and low storage efficiency due 
to high pressure and low volumetric density, respectively [14]. 
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Compared to gaseous and liquefied hydrogen storage approaches, 
utilizing solid-state metal hydrides (MH) as hydrogen storage materials 
offers competitive advantages, including high volumetric density, 
enhanced storage capacity, and reduced safety risks associated with high 
pressure [15–17]. MH-based hydrogen storage technology is currently 
developing in both research and industry. This is being driven primarily 
due to its relative safety and the absence of extremely high-pressure or 
low-temperature constraints needed for other forms of hydrogen stor
age. This approach involves hydrogen absorption as atoms onto the 
metal particles, but it comes with inherent weight due to the external 
MH storage medium, making it best suited for stationary and portable 
applications with no weight concern [16–18]. Other prominent benefits 
of this approach include its relatively high volumetric storage density, 
safety, and reversibility [19]. 

Hydrogen absorption in metals is an exothermic process. The heat 
produced during the absorption process elevates the temperature of the 
metal hydride (MH) bed, which, in turn, influences the equilibrium 
pressure of the reaction. As temperature rises, the equilibrium pressure 
increases, potentially slowing down the absorption reaction. Therefore, 
to speed up the reaction and reduce the charging time, the generated 
heat should be dissipated to maintain the temperature at a suitable level 

[4,20]. The absorption of hydrogen requires substantial heat uptake; 
however, the poor thermal conductivity of metal hydride bed slows 
down the heat conduction inside the bed and extends charging duration. 
Therefore, when designing such systems, different thermal management 
measures including the use of fins, cooling fluid, or phase change ma
terials (PCM) are considered [20,21]. Moreover, to operate the 
MH-based hydrogen storage systems at room temperature, the design 
optimization of the MH reactor tanks is a crucial challenge. This needs 
the consideration of many important physical parameters like the 
overall porosity of the hydride bed, the packing density, effective ther
mal conductivity, the material of the cylinder, and the compactness of 
bed [1,22,23]. 

Numerous computational models are developed in the literature to 
analyze one-dimensional [26–29], two-dimensional [20,30–42], and 
three-dimensional [43–47] metal hydride hydrogen storage systems. 
These models conventionally couple heat and mass balances alongside 
empirically derived reaction kinetic equations. The 3D models, while 
providing more promising results, are significantly more time 
consuming and require heavy computing resources for execution. 
Resultantly, they are mostly selectively utilized to investigate the effects 
that two-dimensional models are not able to capture [46]. 

Early studies by Jemni and Nasrallah [35] explored a 
two-dimensional metal hydride reactor model, examining key design 
and operational parameters during hydrogen absorption. Their work 
questioned the assumption of local thermal equilibrium between solid 
phase porous medium and hydrogen gas. However, Nasrallah and Jemni 
[36] later presented conflicting findings concerning this assumption and 
determined that disregarding the temperature difference between the 
two phases has a negligible impact on the mass evolution profile during 
both absorption and desorption processes. Subsequent modeling ap
proaches often simplified their models by assuming local thermal 
equilibrium, aiming to reduce computational complexity. Additionally, 
many studies neglected pressure drop and advection heat transport due 
to the low hydrogen velocity in porous metal hydride vessels [36,42,48, 
49]. Some models also assumed that equilibrium pressure was solely a 
function of temperature, disregarding its dependency on the 
hydrogen-to-metal atomic ratio (H/M) [43,50–54]. Despite these ef
forts, there is a pressing need for a comprehensive investigation into 
factors such as considering the influence of Darcy’s velocity due to 

Nomenclature 

A parameter in P–C-T equation 
B parameter in P–C-T equation [K] 
Cp specific heat capacity [J/(kg K)] 
E activation energy [J/mol] 
h convective heat transfer coefficient [W/(m2 K)] 
ΔH reaction enthalpy [J/mol H2] 
[H/M] hydrogen to metal mass ratio 
k reaction rate constant [s− 1] 
K permeability [m2] 
ṁ mass source term of reaction [kg/(m3 s)] 
P pressure [Pa] 
P–C-T pressure-composition-temperature 
q mass flow rate [kg/s] 
r r-coordinate [m] 
Rg general gas constant [J/(mol K)] 
t time [s] 
T temperature [K] 
U gas velocity [m/s] 
W mass [kg] 
X reacted fraction of adsorbed hydrogen 
z z-coordinate [m] 

GREEK SYMBOLS 
β hysteresis factor in P–C-T equation 
ε porosity 
λ thermal conductivity [W/m K] 
μ dynamic viscosity [Pa.s] 
ρ density [kg/m3] 
φ plateau flatness factor in P–C-T equation 
φ0 plateau flatness factor in P–C-T equation 

SUBSCRIPTS 
a absorption 
b bulk 
d desorption 
e, eq equilibrium 
eff effective 
ex exerted 
f cooling fluid 
g gaseous phase (hydrogen) 
in inlet 
L low 
MH metal hydride 
o outer 
sat saturated  

Table 1 
Hydrogen storage density comparison [8,20,24,25].  

Hydrogen storage forms 
and conditions 

Volumetric hydrogen 
density (kg H2/m3 system) 

Theoretical limit (kg 
H2/m3 system) 

Compressed hydrogen at 
25 ◦C and 50 MPa 

27 30.81 

Liquefied hydrogen at 
− 253 ◦C and 0.1 MPa 

40 71 

Metal hydride at 25 ◦C and 
0.1 MPa 

50 110 

*"Theoretical limit" is the storage density of the pure material under ideal con
ditions, and the "Volumetric hydrogen density" includes the reduction due to 
storage vessel and other practical limitations. The theoretical limit for com
pressed hydrogen is calculated by using online available tools like Stargate 
Hydrogen [25] and CMB Hydrogen Tools [24] since hydrogen does not behave 
as an ideal gas under 50 MPa. 
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pressure gradients (Darcy’s law), cooling strategy variations, reactor 
size impact on charging time, and a parametric analysis that is crucial 
for both enhancing fundamental understanding and optimizing the 
metal hydride hydrogen storage systems. While one or a few of these 
assumptions and phenomena are considered by previous studies, it is 
important to build a model framework which can handle all of these 
different possibilities. 

As mentioned by Mohammadshahi [40], most MH models account 
for Darcy’s velocity as a source term in the fluid transport equations. A 
simple form is applied in some studies, such as those by Jemni and 
Nasrallah [33,34], a simple form of Darcy’s law was applied to solve for 
the gas phase transport of hydrogen. Others have opted to solve the 
conservation of momentum equations applying the Darcy velocity as 
part of the source term [30,32]. Regardless, it is often assumed that the 
heat transfer associated with hydrogen transport is negligible [40]. 
Chaise et al. [55] developed a set of criteria to use to evaluate the sig
nificance or negligibility of convective heat transfer and pressure vari
ation, demonstrating that for a sample set of material and 
microstructural properties that both could be assumed to be negligible. 
On the other hand, results from Freni et al. [50] suggest that varying the 
permeability and thereby changing the pressure gradient induced by 
Darcy velocity can have a significant effect on the performance of MH 
reactors. 

The objective of this work is to develop a numerical model using 
finite volume (FV) discretization with implicit Euler’s time integration 
scheme [20,56–59] to optimize the absorption process in MH reactors. 
The resulting linear system of equations is solved using a sparse matrix 
solver available in MATLAB [20,58,60–63]. This paper focuses on the 
mathematical modeling of heat and mass transport mechanisms during 
the absorption of hydrogen in MH-based hydrogen storage systems. 

The results obtained from the 2D axis-symmetrical model are found 
to be in good agreement with experimental data reported in the litera
ture. Then the model is used to examine the effect of various critical 
parameters, including charging pressure, cooling fluid temperature, 
reactor geometry and size, and different boundary conditions on the 
thermal performance and reaction kinetics of the system. The influence 
of H/M atomic ratio on equilibrium pressure is also examined and 
validated with experimental data for varying temperatures. This 
framework allows us to systematically evaluate the sensitivity of these 
parameters by analyzing temperature and reaction fraction profiles 
aimed at optimizing the storage efficiency. Furthermore, we conducted a 
comparative analysis between two models: one incorporating Darcy’s 
velocity and the other without, while maintaining constant pressure 
within the metal hydride bed. Interestingly, incorporating Darcy’s law 

introduces increased system complexity and numerical instability in the 
coupled equations, but it has minimal effect on the overall model out
comes. This study advances our comprehension of solid-state hydrogen 
storage and contributes to the development of efficient and dependable 
hydrogen storage technologies. Ultimately, this work plays a crucial role 
in advancing hydrogen as a green and sustainable future energy carrier. 

2. Mathematical model 

2.1. System description 

In the present work, two distinct MH reactors are examined, each 
characterized by unique cooling fluid configurations and sizes. Experi
mental data for both reactors are available in the literature [36,48,64], 
allowing for the validation of our model for each reactor configuration 
and comparison with other models. In this context, the MH tank shown 
in Fig. 1a is referred to as ’Reactor 1,’ while the MH tank depicted in 
Fig. 1b is denoted as ’Reactor 2’. The dimensions of both reactors and 
corresponding computational domains are shown in Fig. 2a and b 
respectively. Reactor 1 transfers heat only through its lateral side to the 
cooling fluid, whereas reactor 2 accomplishes this through both its 
lateral and base areas. Water is considered as the cooling fluid in this 
paper. 

In the cross-sectional view of the system, as depicted in Fig. 1, the 
blue region at the base and lateral sides denotes the pathway for water 
flowing at a steady speed. The light blue color region represents the 
metal hydride (MH) powder bed, where the hydrogen absorption pro
cess occurs. During absorption, the hydrogen reacts and gets stored in 
the interstitial sites of the crystal structure. The third section is desig
nated for pressurizing hydrogen gas before absorption as shown in 
figure. A thin stainless-steel [64] or brass [35] wall serves as a barrier, 
separating the heat transfer fluid from the MH bed. In this study, we 
utilize LaNi5 as the metal for hydrogen capture, which undergoes a 
transformation to LaNi5H6 when it is fully saturated with hydrogen. The 
maximum mass of hydrogen that can be stored in reactor 1 and reactor 2 
are, respectively, 0.2171 and 10.5975 g. 

2.2. Formulation of mathematical model 

The reactor is a discontinuous medium consisting of a solid porous 
phase (metal-hydride) and a gaseous phase (hydrogen). The mass and 
energy conservation equations that govern the heat and mass transport 
in reactive porous media are typically derived by transitioning from a 
microscopic to a macroscopic scale. We shift from a microscopic view

Fig. 1. Cross sectional schematic for (1a) MH reactor 1 [20], [35] (1b) MH reactor 2 [65].  
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point, where the average volume (ω) is considerably smaller than the 
pores, to a macroscopic standpoint where the averaging volume is 
significantly larger in comparison to the pores. This change in scale 
enables us to consider the actual discontinuous medium into an equiv
alent hypothetical continuous medium [49,66]. Each macroscopic term 
is obtained through the process of averaging its respective microscopic 
counterpart. The average of a specific microscopic function (φ) is given 
by Eq. (1a). Similarly, the intrinsic average over a phase i is given by Eq. 
(1b). 

φ=1
/

ω
∫

ω

φ dω (1a)  

φi =1
/

ωi

∫

ωi

φi dω (1b)  

where ωi is the volume occupied by phase i within the total averaging 
volume ω. 

The macroscopic differential equations are derived through the 
process of averaging microscopic equations across the averaging volume 
ω, while incorporating closure assumptions. The microscopic equations 
encompass mass, energy, and momentum balance equations within each 
phase and at phase interfaces. These equations are established by 
applying the principles of thermodynamics and the mechanics of 
continuous media. 

The mathematical formulation for modeling the multi physics ab
sorption phenomenon in an MH reactor can be established based on the 
following simplifying assumptions.  

i. The gaseous phase within the metal hydride (MH) bed exhibits 
ideal gas characteristics, thus permitting the utilization of the 
ideal gas equation to relate the pressure and density.  

ii. The medium is treated as continuous with both phases at the 
same temperature (local thermal equilibrium).  

iii. The viscous dissipation and compression work are considered 
negligible.  

iv. The radiation heat transfer mechanism is neglected because the 
system is operated in moderate temperature range. 

Incorporating these assumptions, the macroscopic computational 
model for heat and mass transfer within a metal-hydrogen bed integrates 
the principles of mass conservation, energy conservation, and the 
application of Darcy’s law within the reactive porous medium. These 
coupled principles are jointly employed to formulate the definitive 
modeling equations for metal hydride (MH)-based hydrogen storage 
systems [20,48,64,65]. The conservation of mass for the gas phase and 
solid phase are given by Eqs. (2a) and (2b) respectively [20,41,64]. 

∂εMHρg

∂t
+∇

(
ρg U→

)
= − ṁ (2a)  

∂(1 − εMH)ρs

∂t
= ṁ (2b)  

In Eq. (2a), εMH and ρg represents the porosity of the bed and density of 

the gaseous phase respectively, while U→ is the Darcy’s velocity of 
hydrogen inside MH bed that is shown by Eq. (4). The density of the 
gaseous phase ρg is described by ideal gas equation shown by Eq. (3b). 
On the right side ṁ is the source term, defining the consumption rate of 
hydrogen gas per unit volume during absorption, given by Eq. (3a) [41]. 

ṁ= ka ⋅ e

(

−
Ea

R Tb

)

⋅ ln
(

Pg

Peq

)

⋅(ρsat − ρs) (3a)  

ρg =
MgPg

RTb
(3b)  

U→= −
K
μ∇Pg (4)  

In Eq. (3a), ρsat and ρs represent the saturation density of the bed, and 
the instantaneous metal hydride density respectively. The absorption 
rate constant is denoted as ka, while Ea represents the activation energy 
for the absorption reaction. 

In Darcy’s law Eq. (4) the quantities K, and μ represent the perme
ability of the MH bed and dynamic viscosity of the gaseous phase 
respectively, while ∇Pg shows the pressure gradient in the domain. 

The equilibrium pressure for hydrogen absorption, denoted as Peq in 
Eq. (3a), explicitly considers the effects of hysteresis and plateau slope 
[67] and exhibits a strong dependency on both the bed temperature and 
the H/M atomic ratio. The correlation between equilibrium pressure, 
bed temperature, and H/M ratio is described using by Eq. (5) [20,64, 
67]. 

Peq = exp
(

A −
B
Tb

+(φ+φ0) ⋅ tan
(

π
(

X −
1
2

))

+
β
2

)

(5)  

In Eq. (5), the variable X represents the reacted fraction of adsorbed 
hydrogen, providing a quantification of the H/M atomic ratio on a scale 
of 0–1. Following linear interpolation, considering a saturation density 
corresponding to a reacted fraction value of 1, and initializing the 
reacted fraction as 0 at the beginning of the absorption process when 
ρs = ρemp, the equation describing the reacted fraction X is presented in 
Eq. (6). 

Fig. 2. 2D axis-symmetrical computational domain (2a) For reactor 1 (2b) For reactor 2  
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X=
ρs − ρemp

ρsat − ρemp
(6) 

The energy conservation equation for the MH reactors, assuming 
local thermal equilibrium, can be expressed in two ways. Eq. (7a) ac
counts for the impact of Darcy’s velocity due to pressure gradients [20, 
41,42,64], while Eq. (7b) neglects pressure gradients and incorporates 
an additional source term in the equation [48,68]. 

∂
(
ρbCp,b

)

eff Tb

∂t
+∇ ⋅

(
ρgCp,g U→Tb

)
=∇

(
λeff∇Tb

)
+ ṁ⋅ΔH (7a)  

∂
(
ρbCp,b

)

eff Tb

∂t
=∇

(
λeff∇Tb

)
+ ṁ ⋅ ΔH+ ṁ⋅Tb

(
Cpg − Cps

)
(7b)  

The coefficients of the transient term, representing the effective heat 
capacity, and that of the diffusion term λeff , representing the effective 
thermal conductivity, are given by Eq. (8) and Eq. (9) respectively. 
(
ρbCp,b

)

eff = εMHρgCp,g + (1 − εMH)ρsCp,s (8)  

λeff =
[
εMHλg +(1 − εMH)λMH

]
(9) 

The coefficient of the transient term in the energy equation, repre
senting the bulk heat capacity of the bed, is determined by the product of 
the MH bed density and specific heat. This value accounts for the sum of 
all constituent phases present in the system [64]. 

ρbCp,b =
∑

i=1
εiρiCpi (10) 

The physical parameters like porosity, permeability, initial densities, 
and other pertinent values, considered in this work, are shown in 
Table 2. The constant reaction kinetic parameters are shown in Table 3. 

2.3. Computational domain 

The system can be modeled as an axis symmetrical two-dimensional 
domain in cylindrical coordinates. The dimensions of the MH tank cross 
section are shown in Fig. 2a and b for reactor 1 and reactor 2 respec
tively. These dimensions are considered for initial analysis and can be 
customized to optimize the performance of the system. It is assumed that 
the heat exchange between MH bed and heat transfer fluid takes place 
instantly and hence the tank material (stainless steel/brass) is not 
considered in the simplified model. 

Reactor 1: 
Axial coordinates: z = 0–25.4 mm. 
Radial coordinates: r = ri = 6.35/2 mm to ro = 6.35 mm. 
Reactor 2: 
Axial coordinates: z = 0–60 mm. 
Radial coordinates: r = ri = 0 to ro = 25 mm. 

2.4. Initial and boundary conditions 

It is assumed that the MH bed is in thermodynamic equilibrium with 
hydrogen gas. This implies that the initial temperature of the hydride 
bed and hydrogen gas is the same. 

T(r, z, t= 0)=T0 = 293 K (11) 

The insulated tank walls, in the case of reactor 1, are subject to ho
mogeneous Neumann’s boundary conditions due to zero slip velocity 
and no-flux. Likewise, because of the symmetry, the same boundary 
conditions are applied at the axis of reactor 2. 

∇Tb =0,∇Pg = 0 (12) 

The boundary conditions for the interfaces where the bed exchanges 
heat with the cooling fluid (heat transfer walls) are given by Eqs. (13) 
and (14), where Tf is the temperature of the fluid. 

− λeff ∇Tb =h
(
Tb − Tf

)
(13)  

∇Pg =0 (14) 

At the mass transfer interface where hydrogen is adsorbed into the 
bed (mass exchange boundary), a Danckwerts’ boundary condition [69] 
is considered as shown by Eq. (15a) to ensure the continuous flow rate of 
hydrogen across the wall for the model in the model that considers 
pressure gradients. In Eq. (15a), Tin represents the temperature of the 
wall in contact with the fluid and is obtained from the energy conser
vation equation. However, for the simplified model with ∇P = 0, this 
boundary is treated under no flux condition given by Eq. (15b). 

− λeff ∇Tb = ρg,in U→Cp,g(Tin − Tb) (15a)  

∇Tb =0 (15b) 

For the model considering Darcy’s velocity, the gas pressure at the 
mass transfer boundary is assumed to be equal to the tank’s internal 
pressure. The mass conservation equation for the gaseous phase, along 
with the ideal gas law, is utilized to determine the density and pressure 
within the bed. Conversely, for the model neglecting pressure gradients, 
a uniform pressure is assumed throughout the entire domain. 

Pg
⃒
⃒
@ mass transfer interface =Pex

( For
model considering

U→
)

(16a)  

Pg =Pex

( For
model neglecting

U→
)

(16b)  

2.5. Numerical approach: finite volume method 

The finite volume method is a discretization approach used to solve 
complex differential equations by integrating the equations of mass, 
energy, and momentum conservation [20,60]. This technique divides 

Table 2 
Thermo-physical properties and operating conditions [20,41,48,64].  

Parameters Value Unit 

Initial temperature, T0 293 [K]
Cooling fluid temperature, Tf 293 [K]
Exerted hydrogen pressure, Pex 6 and 8 [bars] 
Specific heat of hydrogen, Cp,g 14890 [J /(kg.K)]
Specific heat of the metal, Cp,s 419 [J /(kg.K)]
Thermal conductivity of hydrogen, kg 0.167 [W /(m.K)]
Thermal conductivity of the metal, ks 3.18 [W /(m.K)]
Porosity of the metal, ϵMH 0.5 – 
Permeability of the metal, K 1.11× 10− 11 [

m2]

Convective heat transfer coefficient, h 1500 
[
W /

(
m2.K

)]

Dynamic viscosity of hydrogen, μ 8.9 × 10− 6 [Pa . s]
Molar mass of hydrogen, Mg 2.0158 × 10− 3 [kg/mol]  

Table 3 
Reactions kinetics and P–C-T parameters in Eq. (8) and Eq. (9) [41,48,64].  

Parameters Values Unit Reference 

Rate constant, ka 59.187 [s− 1] [48,64] 
Activation energy, Ea 21179 [J /mol H2] [48,64] 
P–C-T parameter, A 13.1 – [48,64] 
P–C-T parameter, B 3700 [K] [64] 
Plateau flatness factor, φ 0.038 – [64] 
Plateau flatness factor, φ0 0 – [64] 
Hysteresis factor, β 0.137 – [48,64] 
Reaction enthalpy, ΔH 30800 [J/mol] [48,64] 
Saturation density, ρsat 6520 [kg/m3] [48] 

6.52 [g/cm3] 
Hydrogen-free metal density, ρemp 6430 [kg/m3] [48] 

6.43 [g/cm3]  
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the domain into a finite number of adjacent control volumes, referred to 
as cells. Within each cell, the values of the variable parameters relevant 
to the differential equations are calculated at the cell’s centroid. Surface 
values within the control volume are determined using mathematical 
interpolation methods, such as arithmetic or harmonic means, to accu
rately represent the distribution of variables. Fig. 3 illustrates a typical 
control volume for a two-dimensional model, with each cell having four 
faces labeled as East (E), West (W), North (N), and South (S) [20,57]. 

The finite volume method (FVM) utilizes control volumes rather than 
grid intersection points for discretization, which makes it highly 
adaptable and suitable for various grid types. In this study, we employ 
an open-source finite volume toolbox called Simulkade [20,56,57,59,60, 
63] to solve the partial differential equations (PDEs) resulting from the 
coupling of conservation equations and Darcy’s law. To ensure the 
reliability of our numerical simulations, a mesh and time step inde
pendence study was conducted. The results of this study confirmed 
convergence, indicating that the chosen mesh resolution adequately 
captured the physics of the system. Specifically, simulations were per
formed using a mesh consisting of 15 cells in the axial direction and 10 
cells in the radial direction with a time step of 0.5 s. 

This toolbox allows for flexible and customized simulations to 
accurately model the system. FVM inherently satisfies the conservation 
equations for mass, heat, and momentum transfers across the cell 
boundaries therefore, along with more customization, this approach will 
be fast and will yield more accurate results [20,57–63]. 

3. Results and discussion 

3.1. Validation of the numerical model 

3.1.1. Equilibrium pressure as a function of temperature and H/M 
To validate our hydrogen absorption model against experimental 

data, initial numerical simulations were performed. Fig. 4 provides a 
comprehensive comparison of experimental and theoretical equilibrium 
pressure profiles at various temperatures, for LaNi5 alloy as the 
hydrogen absorption material. The equilibrium pressure (Peq) is plotted 
against temperature and the hydrogen-to-metal atomic ratio (H/M) 
since it is not a function of the reactor size or computational domain. The 
H/M atomic ratio is derived by multiplying the reacted fraction ’X’ in 
the model by 6, as it takes 6 hydrogen atoms to fully saturate LaNi5 and 
transform it into LaNi5H6. The model’s predictions exhibit strong 
agreement with the experimental equilibrium pressure data [70], con
firming its accuracy. 

3.1.2. Effect of pressure gradients on the reacted fraction profile 
Fig. 5a presents the reacted fraction profile for reactor 1, where both 

models, one incorporating Darcy’s law and the other without, closely 
match experimental data from Yang et al. [64]. The model neglecting 
Darcy’s velocity assumes uniform pressure, implying instantaneous and 
uniform hydrogen availability at a constant pressure across the entire 
domain. Although it slightly overestimates the charging rate compared 
to experimental data, the overall agreement remains acceptable. In 
contrast, including pressure gradients improves results but introduces 

significant numerical instability and stiffness. Given that the simplified 
model without pressure gradients aligns well with experimental data 
and requires less computational time, it is selected for further analysis. 

During the initial absorption stages (first 50 s), both models produce 
similar results because pressurized hydrogen is readily available 
throughout the system. However, as the process continues, the model 
results diverge due to increasing pressure gradients, resulting from a 
concentration of hydrogen exceeding the advection supply. Near the end 
of the absorption process, the profiles reunite as the reaction rate slows 
down, and advection-driven hydrogen supply becomes sufficient to 
overcome the pressure gradients. 

Different studies have reported varying values for PCT parameters A 
and B, with A ranging from 10.7 [41] to 14.045 [48,64], and B ranging 
from 3704.6 [41,48] to 3780 [64]. To validate the results of the 
developed simplified model without considering pressure gradients 
against the model considering them, A = 13.1 and B = 3719.59 were 
used based on the model developed by Nam et al. [41]. Fig. 5b illustrates 
a good agreement in the mean reacted fraction profiles for reactor 2 
between both models. 

3.1.3. Temperature profile validation 
Fig. 6a provides a comparison of temperature evolution profile for 

reactor 2, as predicted by the developed numerical model, and mea
surements conducted by Jemni and Nasrallah [35,68] inside the MH bed 
at r = 1.5 cm and z = 4.5 cm. Our numerical model demonstrates a 
strong agreement with experimental data, affirming the model’s accu
racy. Both simulations and experiments exhibit an initial rapid tem
perature increase, reflecting fast hydrogen absorption kinetics during 
the initial stage, followed by a gradual decline in temperature due to 
cooling fluid influence and diminishing absorption rates caused by an 
increase in equilibrium pressure. 

In Fig. 6b, temperature profiles are compared at the point indicated 
in Fig. 6a (with PCT parameters A = 13.1 and B = 3719.59) between 
Nam et al.’s model [41], which accounts for Darcy velocity due to 
pressure gradients, and the developed model with a constant input 
pressure throughout the domain. The comparison reveals that the in
clusion of Darcy effects has a negligible impact on the temperature 
variation at the selected point within the domain. 

3.2. Shape and size considerations for the reactor 

3.2.1. Square VS rectangular cross-section for reactor 2 
Fig. 7a presents a comparison of mean reacted fraction transients for Fig. 3. Control volume for two-dimensional model [20].  

Fig. 4. Equilibrium pressure as a function of the H/M atomic ratio and tem
perature for hydrogen absorption (experimental data source: Dhaou et al. [70]) 
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two cross sections with equal volumes. The standard reactor, as 
considered in previous studies [48,68], has dimensions of 50 mm 
(diameter) and 60 mm (length), resulting in a volume of 117.8 cm3. 
Given the saturation density of ρsat = 6.52 g/cm3 and the empirical 
density of ρemp = 6.43 g/cm3, this is equivalent to a capacity of 10.6 g. 
To illustrate the impact of altering the cylindrical reactor’s dimensions 

while maintaining the same volume, we consider another square 
cross-section with a diameter and length of 53.133 mm, derived from the 
relation shown above. 

The figure shows that changing the cross-section from rectangular to 
square increases the charging time from 2811 s to 3106.5 s. Charging 
time, in this case, is defined as the time when absorption reaches 

Fig. 5. Validation of reacted fraction profiles (5a) For reactor 1 with experimental data [64], (5b) Comparison between simplified model (no pressure gradients) and 
Nam et al. model (considering darcy’s law) for reactor 2 [41]. 

Fig. 6. Validation of the temperature profile at (1.5 cm, 4.5 cm) for reactor 2 with (6a) Experimental data [48,68], (6b) Comparison with Nam et al. model [41].  

Fig. 7. Comparison of (7a) Reacted fraction and (7b) Temperature evolution profiles  
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approximately 99.46% of total capacity. This change indicates that 
larger axial dimensions result in shorter charging times, as the cooling 
fluid surrounds both lateral sides, increasing heat exchange with the 
bed. Similarly, Fig. 7b shows the comparison of mean temperature 
profiles. As anticipated from Fig. 7a, the square reactor takes longer to 
reach the fluid temperature due to the lower surface area exposed to the 
low-temperature fluid. 

3.2.2. Reactor size impact on charging and temperature profiles 
Fig. 8a illustrates reacted fraction profiles for different reactor sizes, 

demonstrating that increased reactor dimensions lead to longer charging 
times. Fig. 9a and b depict the relationships between reactor dimensions 
and their respective charging durations. For the analyzed square cross- 
sections, length and charging time exhibit a second-order polynomial 
correlation, implying a linear relationship between area and charging 
time. In Fig. 8b, the impact of reactor size on mean bed temperature is 
depicted. Larger reactors exhibit minimal differences in maximum 
temperature at the start of absorption. However, they take a longer 
duration to reach the cooling fluid’s temperature as the cooling effect 
propagation through the entire domain is more time-consuming than in 
smaller reactors. The reactor sizes considered in Fig. 8a and b have 
hydrogen mass capacities of about 1.11 g, 4.52 g, 8.84 g, 15.2 g, and 
24.25 g respectively. 

3.3. Pressure, cooling fluid temperature and boundary conditions analysis 

The hydrogen feed pressure and cooling fluid temperature are crit
ical parameters for optimizing the storage system’s performance. Fig. 10 
compares reacted fraction profiles for charging pressures of 6, 8, and 10 
bars. Higher hydrogen charging pressures result in shorter charging 
durations. Specifically, increasing the hydrogen supply pressure from 6 
to 8 bars reduces the charging time by approximately 12.4 min, while 
further elevating it to 10 bars results in an additional 7-min reduction in 
charging time. These findings underscore the importance of considering 
the required charging time when adjusting the hydrogen feed pressure in 
the reservoir. 

Similarly, examining the temperature profiles presented in Fig. 11a 
and b, it becomes evident that pressure not only influences charging 
time and reaction kinetics but also significantly elevates the maximum 
temperature within the bed. Additionally, higher charging pressure 
leads to a more rapid convergence of bed temperature to the cooling 
fluid temperature. Two primary factors contribute to this behavior. 
Firstly, the accelerated reaction rates at higher pressures drive the sys
tem towards saturation more quickly, reducing heat generation near 
saturation. Secondly, the initially high reaction rates result in elevated 
bed temperatures, promoting increased heat exchange with the cooling 
fluid due to greater convection flux driven by the higher temperature 

gradient. 
Fig. 12a demonstrates the comparison of reacted fraction profiles at 

different cooling fluid temperatures: 20 ◦C, 30 ◦C, and 40 ◦C. Clearly, the 
temperature of the cooling fluid substantially influences reaction ki
netics, consequently affecting the system’s charging time. Increasing the 
cooling fluid temperature from 20 ◦C to 30 ◦C results in an additional 14 
min of charging time, while further increasing it to 40 ◦C extends the 
charging time by an additional 26 min. Lowering the cooling fluid 
temperature reduces the charging time, although this effect becomes less 
pronounced as temperatures decrease. 

Fig. 12b presents the reacted fraction profiles corresponding to three 
distinct boundary conditions. In the first case, a non-homogeneous flux 
boundary condition is considered with the cooling fluid at 293 K. The 
constant temperature cooling fluid (water) is considered to be moving 
with a steady velocity alongside the bed. Due to the varying temperature 
at the interface, a non-homogeneous heat flux occurs from the bed to the 
fluid. In the second case, a Dirichlet boundary condition with a tem
perature of 293 K is introduced, symbolizing the replacement of cooling 
fluid with a phase change material (having 293 K as its phase change 
temperature). This assumption is only valid when the absorbed heat by 
the material is less than the latent heat. Finally, the third boundary 
condition assumes a Dirichlet boundary condition at 273 K, signifying 
the utilization of water/ice as the phase change material (PCM). Tran
sitioning from the first to the second boundary condition reduces the 
charging time from 2792 s to 2643.5 s, and further transitioning to the 
third boundary condition reduces it to 1849.5 s. This analysis empha
sizes the significant influence of boundary conditions, especially the 
incorporation of phase change materials, on the system’s charging 
duration. 

4. Conclusion 

A comprehensive computational model is developed to analyze the 
heat and mass transfer phenomena within MH based hydrogen storage 
systems. The model incorporates a range of multi physics interactions, 
including hydrogen absorption kinetics, thermal management, and fluid 
flow. Through a rigorous examination of various factors, we have gained 
valuable insights into the behavior of MH reactors. The investigation 
began by examining the equilibrium pressure as a function of temper
ature and the hydrogen-to-metal atomic ratio (H/M) followed by a 
comparative analysis of incorporating pressure gradients into the model. 
The results of the model agreed well with the experimental data avail
able in the literature [64,68] and demonstrated that the model suc
cessfully captures key experimental trends observed in the data. 

The incorporation of Darcy’s velocity in the modeling framework, 
despite introducing numerical instability, had a negligible overall 
impact on the model outcomes. Despite this trade-off, the simplified 

Fig. 8. The effect of reactor size on (8a) Mean reacted fraction profile and (8b) Temperature evolution profile  
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model without pressure gradients aligned well with experimental data, 
offering a balance between precision and computational efficiency. The 
detailed analysis of temperature profiles revealed an initial rapid in
crease in temperature followed by a gradual decline due to cooling fluid 
and equilibrium pressure effects. The influence of reactor size and shape 
on both reacted fraction profiles and temperature evolution was 

explored. Notably, alterations in reactor geometry demonstrated sig
nificant effects on the charging time, with larger axial dimensions 
resulting in shorter charging durations. This phenomenon arises from 
the increased exposure of surface area to the cooling fluid, facilitating 
more efficient heat exchange. The results indicated that the relation
ships between charging duration with reactor length, and cross-sectional 
area, followed second and first-order polynomial correlations, 
respectively. 

We also investigated the influence of other critical factors on the 
performance of the reactor. Adjusting the charging pressure effectively 
modulates charging duration, with higher pressures resulting in shorter 
times and elevated temperatures within the system. Lower cooling fluid 
temperatures were found to significantly reduce charging durations, 
emphasizing the importance of optimizing cooling strategies. The tran
sition from a flux boundary condition to a Dirichlet boundary condition 
at the same temperature significantly reduced the charging duration, 
highlighting the importance of considering phase change materials to 
customize metal hydride hydrogen storage systems for specific 
applications. 

This model serves as a valuable tool for optimizing MH-based 
hydrogen storage systems, offering both accuracy and computational 
efficiency. Future research may explore more complex reactor geome
tries and the interplay of these factors to advance our comprehension of 
MH systems and their broader applications. Additionally, expanding the 
model to 3D will allow for the incorporation of more complicated bed 
and flow field geometries. Parametric studies on microstructural prop
erties using percolation theory present another promising avenue for 
further investigation. The model’s applicability extends to the desorp
tion phase and offers the potential to investigate the impact of incor
porating Darcy’s law in large-scale reactors. 

Fig. 9. Correlation of charging duration with (9a) Length of the reactor, (9b) Cross-sectional area of the reactor  

Fig. 10. Comparison of the mean reacted fraction profiles for different 
charging pressures 

Fig. 11. Comparison of the temperature profiles for different charging pressures (11a) At (15, 45) mm, (11b) Mean temperature  
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ABSTRACT 
Integrated hydrogen systems need technology to store 

hydrogen (H2) for many applications. Conventionally, hydrogen 

can be kept either in the gaseous state (under 500-700 bars) or 

as a liquid at cryogenic temperature (almost 20 K). Alternatively, 

metal hydrides (MH)-based storage of hydrogen is currently the 

state-of-the-art approach to storing hydrogen that offers both 

safety and higher storage efficiency. However, the main 

challenge in the MH is the low thermal conductivity that limits 

the heat transfer during the exothermic adsorption and 

endothermic desorption processes. This ultimately leads to slow 

reaction rates and ultimately to higher charging and discharging 

durations. To improve the performance of MH-based hydrogen 

storage systems, it is crucial to optimize the heat and mass 

transfer mechanisms within the MH bed. This work is an attempt 

to model the heat and mass transfer phenomena during the 

adsorption process of hydrogen. The governing equations are 

discretized based on Finite Volume Method and Euler’s implicit 

method is used for time integration. This method offers a robust 

and customizable numerical approach that can examine the 

performance of a broad range of metal hydrides and system 

configurations for varying environmental conditions. This will 

enable the modeling and optimization of heat and mass transfers, 

aimed at reducing the charging and discharging times of these 

systems. The analyzed parameters include temperature, 

equilibrium pressure, and average reacted fraction of hydrogen 

during the adsorption process. The reacted fraction profile from 

the inhouse developed 2D axis symmetrical model is validated 

with the experimental data reported in the literature. 

Keywords: Hydrogen storage, Metal hydrides, Mathematical 

modeling, Exothermic adsorption, Finite volume method 

NOMENCLATURE 
A  parameter in P-C-T equation 

B  parameter in P-C-T equation [K] 

Cp specific heat capacity [J/(kg K)] 

E  activation energy [J/mol] 

h  convective heat transfer coefficient [W/(m2 K)] 

ΔH reaction enthalpy [J/mol H2] 

[H/M]  hydrogen to metal ratio 

k  reaction rate constant [s-1] 

K permeability [m2] 

m

̇

 mass source term of reaction [kg/(m3 s)] 

P  pressure [Pa] 

P-C-T pressure-composition-temperature 

q  mass flow rate [kg/s] 

r  r-coordinate [m] 

Rg general gas constant [J/(mol K)] 

t  time [s] 

T  temperature [K] 

U  gas velocity [m/s] 

W mass [kg] 

X  reacted fraction of hydrogen 

z  z-coordinate [m] 

GREEK SYMBOLS 

α  ratio of thermal mass 

β  hysteresis factor in P-C-T equation 

ε  porosity 

λ  thermal conductivity [W/m K]  

μ  dynamic viscosity [Pa.s]  

ρ  density [kg/m3] 

ϕ  plateau flatness factor in P-C-T equation 

ϕ0 plateau flatness factor in P-C-T equation 
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SUBSCRIPTS 

a  adsorption 

b bulk 

d desorption 

e  equilibrium 

eff  effective 

ex  exerted 

f  heat transfer fluid 

g  hydrogen gas 

H  high 

i  inner 

in  inlet 

L  low 

MH metal hydride 

o  outer 

sat  saturated 

1. INTRODUCTION
Due to the rapidly increasing global energy demand and the

contribution of non-renewable energy sources towards global 

warming and air pollution, it has become inevitable to find 

reliable and sustainable energy sources. To reduce greenhouse 

emissions and meet the energy demand, the world is shifting 

towards renewable energy technology. Power generation from 

renewable energy sources (like solar and wind energy) is 

contributing to mitigate these issues. However, due to the 

dependence of these sources on many natural factors, its 

availability at a given location and time cannot be predicted [1]. 

It can result in an imbalance between energy demand and supply. 

Storing surplus energy is one solution to this issue. Batteries 

provide a typical way to store energy, however, due to their high 

cost, uncertain lifetime, low energy density, self-discharge, and 

rapid degradation, they are unsuitable for long-term and high-

capacity energy storage applications [2]. In this regard, one of 

the promising ideas is to use hydrogen (H2) as the energy storage 

solution [3]. 

A green energy source, hydrogen reacts with oxygen to 

produce water (H2O), heat, and electricity in fuel cells. The major 

motivations behind using hydrogen as an energy source are its 

natural abundance, and high energy density per unit mass (up to 

3 times that of gasoline and diesel). The excess energy from the 

renewable sources can be used for electrolysis of water to 

produce hydrogen gas [3]. Then it can be stored and used in fuel 

cells to generate electric power when the supply of energy from 

renewable sources does not meet the demand [4]. 

The storage of hydrogen is currently a major challenge. 

Hydrogen systems (such as fuel cells) need technology to store 

and transport H2 for many applications [5], [6]. Hydrogen can be 

kept either in gaseous state under high pressure or as a liquid, 

depending on the application where space and weight constraints 

are crucial. In its gaseous state, hydrogen has a low energy 

density per unit volume of approximately 27 kg H2/m3 [7]. 

Consequently, if held at ambient temperature and pressure, a 

substantial area of storage space will be needed that gives rise to 

a technical challenge in storage, transportation, and portable 

applications [8], [9]. The high-pressure compression of gas at 

about 700 bar or its conversion to liquid by maintaining a 

cryogenic temperature of almost 20 K are two solutions to 

address this issue, however both require additional costs to 

achieve these extreme conditions for temperature and pressures 

[10]–[12]. The former is the most popular commercial way for 

storing and transporting hydrogen to demand locations due to its 

simplicity and maturity [3]. The latter approach consumes—up 

to 30%— of energy during the liquefaction process, thus, making 

it ever more inefficient [1], [13]. For large-scale applications, 

however, these both technologies have significant obstacles, 

including efficiency and safety due to low volumetric density 

and high pressure respectively [14].  

In comparison to the gaseous and liquified hydrogen storage 

methods, using solid state MH as hydrogen storage materials has 

the competitive potential to provide high volumetric density, 

high storage capacity as well as minimize the safety risk 

associated with high pressure [15]. The popularity of MH based 

hydrogen storage systems, both in research and industry, is 

mainly attributed to its safety and no high pressure or low 

temperature requirements. Unlike the former approaches, this 

method involves the adsorption of hydrogen as atoms rather than 

molecules to the metal hydride material. However, due to the 

involvement of external metal hydride material (MH) as the 

storage medium, this method for hydrogen storage is intrinsically 

heavy, and is therefore, best suited for stationary applications 

where bulk is not a major concern [16]. Other compelling 

advantages of using this technology include its relatively high 

volumetric storage density, safety and compactness, and 

reversibility (leading to fast hydrogen absorption and desorption 

processes), all of which enhance the viability of this solution 

[17]. 

The adsorption of hydrogen in metals is an endothermic 

process. The heat produced during adsorption process elevates 

the temperature of MH bed and lead to a decrease in hydrogen 

adsorption rate and storage capacity. Therefore, to maximize the 

storage efficiency and reduce the charging time, the generated 

heat should be expelled to maintain the temperature at a suitable 

level [9]. The desorption and adsorption of hydrogen requires 

substantial heat uptake and release; however, the poor thermal 

conductivity of metal hydride bed slows down the heat 

conduction inside the bed and extends charging and discharging 

times. Therefore, when designing such systems, the thermal 

management measures should be considered [18]. 

The objective of this work is to use the finite volume (FV) 

based discretization approach and model the MH-based 

hydrogen storage process involving a heat transfer fluid (HTF). 

This paper focuses on the mathematical modeling of heat and 

mass transfer mechanisms during the adsorption of hydrogen in 

MH-based hydrogen storage systems. The FV method is 

employed to discretize the governing equations of mass and 

energy conservation for the adsorption process, and Euler's 

implicit method is used for time integration. The resulting linear 

system of equations is solved using a sparse matrix solver 

available in MATLAB. The model is used to analyze the effects 

of various parameters, such as temperature, pressure, and 

average reacted fraction of hydrogen, on the adsorption process. 
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The results obtained from the 2D axis-symmetrical model are 

found to be in good agreement with experimental data reported 

in the literature. This model can be used to optimize the 

performance of MH-based hydrogen storage systems by 

reducing the charging time and increasing the hydrogen storage 

efficiency. 

2. MATHEMATICAL MODEL
2.1. SYSTEM DESCRIPTION 

The schematic of the cross section of the MH based 

hydrogen storage system is given in figure 1. The tank can be 

divided into three sections as shown. The blue region at the outer 

side represents the pathway for HTF that is mostly considered to 

be water. The middle region is metal hydride bed where the 

hydrogen absorption and desorption processes take place. The 

third section in the center of the cylinder represents the pathway 

for hydrogen gas. During absorption process hydrogen is 

pressurized in the central region where it is absorbed into the MH 

bed. The heat transfer fluid is separated from the MH bed with a 

thin wall of stainless steel. 

FIGURE 1: MH TANK SCHEMATIC WITH HEAT TRANSFER 

FLUID  [19] 

The metal used for capturing hydrogen in this work is LaNi5, 

that transforms to LaNi5H6 when hydrogen is fully adsorbed. 

Initially the MH bed is considered to be at room temperature 

(298 K) while the heat transfer fluid (water) is at 273 K to 

maximize the rate of heat transfer. 

2.2. FORMULATION OF MATHEMATICAL MODEL 
The mathematical formulation for modeling the multi 

physics phenomena in MH storage system can be established 

based on assumptions given as follows: 

i. Thermodynamically the gas phase inside the MH bed

exhibits ideal gas characteristics and therefore, ideal

gas equation can be applied.

ii. There is local thermal equilibrium between hydrogen

gas and MH bed boundary. In other words, there is a

common temperature on the interface between solid 

and gas phases and no temperature slip is involved. 

iii. The heat transfer through radiation mechanism is

negligible and therefore, it is not considered. This

assumption is valid since only moderate temperatures

are involved in the system.

The computational model is based on the conservation of 

mass, the application of Darcy’s law and heat transfer in porous 

media. All these principles are coupled and applied in porous 

medium to derive the final modeling equations for MH based 

hydrogen storage system [19], [20]. The conservation of mass 

for gas phase can be written as: 

𝜕𝜀g𝜌g

𝜕t
+ ∇(𝜌g𝑈⃗⃗ ) = −𝑚̇ 𝑀MH (1) 

In eq. (1), 𝜀g and 𝜌g represents the porosity and density of 

the gaseous phase while 𝑈⃗⃗  is the Darcy’s velocity of hydrogen

inside MH bed that is shown by eq. (3). On the right side 𝑚̇ is 

the source term that is given by eq. (2): 

𝑚̇ =
𝜀MH⋅𝜌MH

𝑀MH
⋅ [

H

M
]
sat

⋅
dX

dt
(2) 

Similarly, in this equation 𝜀MH, 𝜌MH, and 𝑀MH represent the 

porosity of MH bed, density of the bed, and molar mass of metal 

hydride material respectively. The other parameter 

[
H

M
]

sat
quantifies the maximum value of the ratio of absorbed 

hydrogen mass to metal mass in metal hydride bed that occurs at 

saturation point. The last factor in eq. (2) 
dX

dt
 shows the rate of

change of the reacted fraction of hydrogen inside MH bed at any 

given time. 

𝑈⃗⃗ =
𝐾

𝜇
∇𝑃 (3) 

In Darcy’s law eq. (3) the quantities K, and 𝜇 represent the 

effective permeability and dynamic viscosity of the gaseous 

phase respectively, while ∇𝑃 shows the pressure gradient along 

the axial coordinate. 

Based on the local thermal equilibrium assumption, the law 

of conservation of energy for the system is shown by eq. (4). 

∂(𝜌b𝐶𝑝,b)𝑒𝑓𝑓 Tb

∂t
+ ∇ ⋅ (𝜌g𝐶𝑝,gU⃗⃗ Tb) =

∇(𝜆eff∇Tb) +
ṁ

Mg
⋅ ΔH 

(4) 

where the coefficients of the transient term (that represents 

the effective heat capacity) and that of the diffusion term 𝜆eff

(effective thermal conductivity) are given by eq. (5) and eq. (6). 
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(𝜌b𝐶𝑝,b)𝑒𝑓𝑓 = 𝜀𝑀𝐻𝜌𝑔𝐶𝑝,𝑔 + (1 −

𝜀𝑀𝐻)𝜌𝑀𝐻𝐶𝑝,𝑏  (5) 

𝜆𝑒𝑓𝑓 = [𝜀𝑀𝐻𝜆𝑔 + (1 − 𝜀𝑀𝐻)𝜆𝑀𝐻]  (6) 

The product of MH bed density and specific heat in the 

coefficient of convective term (bulk heat capacity of the bed) is 

the sum of all constituent phases involved in the system [20]. 

𝜌b𝐶𝑝,b = ∑  𝑖=1 𝜀𝑖𝜌𝑖𝐶𝑝𝑖 (7) 

The equations for reaction kinetics used for absorption 

process (eq. (8)) are recommended by [21] while that of 

desorption (eq. (9)) are suggested by [22]. 

𝑑𝑋

𝑑𝑡
= 𝑘𝑎 ⋅ exp (−

𝐸𝑎

𝑅𝑔𝑇𝑏
) ⋅ ln (

𝑃

𝑃𝑒,𝑎
) ⋅ (1 − 𝑋) (8) 

The effective pressures for absorption and desorption 

processes explicitly consider the effects of hysteresis and plateau 

slope [23]. The equation to represent the equilibrium pressure 

during adsorption is given by eq. (9). The constant parameters in 

kinetics eq. (8) and eq. (9) are shown in table 1. The physical 

parameters like porosity, permeability, initial densities of the bed 

and the gas are taken from [20]. 

𝑃e,a = exp(
𝐴 −

B

Tb
+ (𝜙 + 𝜙0) ⋅

𝑡𝑎 𝑛 (𝜋 (𝑋 −
1

2
)) +

𝛽

2

) (9) 

TABLE 1: REACTIONS KINETICS AND P-C-T 

PARAMETERS IN EQ. (8) AND EQ. (9) [20] 

Parameters Adsorption Unit 

Rate constant, k 59.187 [𝑠−1] 

Activation energy, E 21179 [𝐽 𝑚𝑜𝑙 𝐻2⁄ ]

P-C-T parameter, A 13.44 --- 

P-C-T parameter, B 3780 [K] 

Plateau flatness factor, 𝜙 0.038 --- 

Plateau flatness factor, 𝜙0 0 --- 

Hysteresis factor, 𝛽 0.137 --- 

2.3. COMPUTATIONAL DOMAIN 
The system can be modeled as an axis symmetrical two-

dimensional domain in cylindrical coordinates. The approximate 

dimensions of the MH tank are shown in fig. 2. It can be noticed 

that the values of axial and radial coordinates for a typical MH 

system are from 0 mm to 500 mm and -12.5 mm to +12.5 mm 

respectively. These dimensions are considered for initial analysis 

and can be customized to optimize the performance of the 

system. It is assumed that the heat exchange between MH bed 

and heat transfer fluid takes place instantly and hence stainless 

steel is not considered in the simplified model. 

FIGURE 2: TWO-DIMENSIONAL COMPUTATIONAL 

DOMAIN FOR THE MATHEMATICAL MODEL 

2.4. INITIAL AND BOUNDARY CONDITIONS 
Hydrogen is axially entered into MH bed in the center of the 

tank. Initially it is assumed that initially the MH bed is in 

thermodynamic equilibrium with hydrogen. This implies that the 

initial temperature of the hydride bed, and hydrogen gas is the 

same. 

𝑇(𝑟, 𝑧, 𝑡 = 0) = 𝑇initial (10) 

The left and right walls where hydrogen is entered and 

exited from the tank can be treated under Neumann’s boundary 

conditions. Therefore, the derivatives of bed temperature and gas 

pressure with respect to the axial coordinate at z=0  and z=L are 

given by eq. (11a) and (11b) respectively:  

∂Tb

∂z
|
z=0

= 0, 
∂Pg

∂z
|
z=0

= 0 (11a) 

∂Tb

∂z
|
z=L

= 0,  
∂Pg

∂z
|
z=L

= 0 (11b) 

At HTF-MH bed interface (heat transfer wall), the boundary 

conditions are given as follows:  

−𝜆eff 
∂𝑇𝑏

∂𝑟
|
𝑟=𝑟𝑜

= ℎ(𝑇𝑏 − 𝑇𝑓)  (12a)

∂𝑃𝑔

∂𝑟
|
𝑟=𝑟𝑜

= 0 (12b) 
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Here 𝑇𝑓 varies along the axial direction, and the differential

equation for 𝑇𝑓 along the heat transfer boundary in the

longitudinal direction is given by eq. (13).  

ℎ(𝑇𝑏 − 𝑇f) = 𝑞𝑓𝐶𝑝,𝑓
∂𝑇𝑓

∂𝑧
(13) 

At the mass transfer boundary where the adsorption of 

hydrogen into MH bed takes place, a Danckwerts’ boundary 

condition [24] is considered to ensure the continuous flow rate 

of hydrogen across the wall. 

−𝜆eff 
∂𝑇𝑏

∂𝑟
|
𝑟=𝑟𝑖

= 𝜌𝑔, in 𝑈⃗⃗ 𝐶𝑝,𝑔(𝑇in − 𝑇𝑏) (14) 

Finally, the pressure of the gas at the mass transfer boundary 

can be taken to be equal to the exerted pressure in the tank. 

𝑃𝑔|𝑟=𝑟𝑖
= 𝑃ex (15) 

2.5. NUMERICAL APPROACH: FINITE VOLUME 
METHOD 
The finite volume method is a discretization approach for 

solving complex differential equations by inherently 

incorporating the integral form of the equations of mass, energy, 

and momentum conservations. This technique involves the 

splitting of the domain into a finite number of adjacent control 

volumes known as cells. The values of the variable parameters 

included in the differential equations are computed at the cell 

center (centroid) of each control volume. To calculate the values 

on the surface of control volume, arithmetic or harmonic means 

or other mathematical interpolation methods can be used. A 

typical control volume for a two-dimensional model is shown in 

fig. 3. 

FIGURE 3: CONTROL VOLUME FOR TWO-DIMENSIONAL 

MODEL (EACH CELL HAS FOUR FACES LABELED WITH 

EAST (E), WEST (W), NORTH (N), AND SOUTH (S)) 

The discretization in FVM is based on the control volumes 

instead of grid intersection points, therefore FVM has the 

tendency to be customized and accommodate any type of grid. 

This work utilizes an open-source finite volume toolbox 

(Simulkade) to solve the PDEs model resulting from coupling of 

conservation equations and Darcy’s law [25]. FVM inherently 

satisfies the conservation equations for mass, heat, and 

momentum transfers across the cell boundaries therefore, along 

with more customization, this approach will be fast and will yield 

more accurate results [26], [27]. 

3. RESULTS AND DISCUSSION
The model can be applied to any MH based system

involving heat transfer fluid. Initially hydrogen is compressed in 

the central pathway of the tank at a pressure of 6 bars. The curve 

showing the variation profile of the average reacted fraction of 

hydrogen inside MH bed with respect to time is shown in fig. 4. 

It can be noticed that the simulations results are in good 

agreement with the experimental results [20]. For the storage 

system considered, it can be seen from the graph that the average 

reacted fraction reaches from 0% to about 99.3% in about 600 

seconds during adsorption process. The initial steep curve 

implies a high adsorption rate of hydrogen at the start of the 

process that is gradually reduced as the concentration of 

hydrogen reaches saturation. The adsorption time for the current 

simulation is reduced from 800 seconds to about 600 seconds as 

the initial temperature of the cooling fluid is decreased from 298 

K to 273 K [20], [28]. 

FIGURE 4: EXPERIMENTAL VALIDATION OF THE 

AVERAGE REACTED FRACTION PROFILE DURING 

ADSORPTION PROCESS [20] 

The distribution of the reacted fraction of hydrogen in the 

metal hydride (MH) bed and temperature in the domain during 

the adsorption process at three different times were analyzed. 

The three different times considered for retrieving the results are 

10, 100 and 600 seconds, corresponding to the start, middle, and 

end of the adsorption process, respectively. 

The results showed that at 10 seconds, the reacted fraction 

of hydrogen in the domain varied from 9.5% at the heat transfer 

boundary (outer boundary) to 12.5% at the mass transfer 

boundary (inner boundary) as shown in fig. 5A. This indicates 

that the adsorption rate was higher at the inner boundary due to 

direct contact with hydrogen. Additionally, the temperature 

distribution at the beginning of the adsorption process (as shown 

in Figure 5B) revealed a maximum temperature of 

approximately 301 K at the inner boundary and a minimum 

temperature of about 295 K at the outer boundary, where it was 

in contact with the low-temperature cooling fluid. 
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    (5A)                                           (5B) 
FIGURE 5: REACTION FRACTION AND TEMPERATURE 

DISTRIBUTION IN THE DOMAIN AT TIME = 10 SECONDS (11% 

CHARGED SYSTEM: START OF THE ADSORPTION) 

As the adsorption process progressed, the reacted fraction of 

hydrogen in the MH bed increased and spread towards the outer 

boundary. At 100 seconds, as can be noticed from fig. 6A, the 

reacted fraction ranged from 59% at the outer boundary to 67% 

at the inner boundary, indicating that the system was charged to 

more than 50% of its full capacity within the first 100 seconds. 

The high rate of adsorption was facilitated by the significant 

temperature difference between the cooling fluid and the MH 

bed. Interestingly, the temperature distribution revealed a 

reduction in temperature in the MH bed, despite the exothermic 

nature of the adsorption process, as the cooling fluid absorbed 

the heat from the computational domain. The temperature profile 

in Figure 6B indicated that the temperature of the MH bed 

decreased from 298 K to 285 K at the heat transfer boundary and 

to 288 K at the mass transfer boundary, suggesting that the rate 

of heat release due to adsorption was less than the rate of heat 

absorption by the cooling fluid. 

(6A)                                           (6B) 
FIGURE 6: REACTION FRACTION AND TEMPERATURE 

DISTRIBUTION IN THE DOMAIN AT TIME = 100 SECONDS 

(63% CHARGED SYSTEM: MIDDLE OF THE ADSORPTION) 

The final stage of the adsorption process was analyzed by 

studying the distribution of the reacted fraction of hydrogen in 

the MH bed at 600 seconds. The results from fig. 7A indicate 

that the reacted fraction increased to a maximum of 99.31% at 

the inner boundary and 99.27% at the outer boundary. This 

suggests that most of the metal molecules LaNi5 are now 

attached with hydrogen and are present as LaNi5H6, indicating 

that the adsorption process has almost reached the saturation 

point. 

As the adsorption progresses to saturation, its rate becomes 

negligible, and the rate of heat production also decreases. 

Therefore, the cooling fluid absorbs heat from the MH bed, and 

it can be observed from fig. 7B that the whole domain is almost 

at the same temperature as the initial temperature of the cooling 

fluid. 

    (7A)                                           (7B) 
FIGURE 7: REACTION FRACTION AND TEMPERATURE 

DISTRIBUTION IN THE DOMAIN AT TIME = 600 SECONDS 

(99.3% CHARGED SYSTEM: END OF THE ADSORPTION) 

To gain insights into the temperature variation for MH bed 

during the adsorption process of hydrogen, the mean temperature 

of the two-dimensional domain was plotted as a function of time. 

As shown in fig. 8, the average temperature initially rose due to 

the high hydrogen adsorption at the inner mass transfer 

boundary. However, as the high temperature propagated towards 

the outer heat transfer boundary, the cooling fluid started to 

absorb more heat from the MH bed, resulting in a decrease in the 

mean temperature curve. This cooling effect caused the mean 

temperature to fall until it reached 273 K at the end of the 

adsorption process after approximately 600 seconds. 

FIGURE 8: MEAN TEMPERATURE PROFILE DURING 

ADSORPTION PROCESS (CHARGING) 

Equilibrium pressure refers to the pressure at which the rate 

of adsorption of hydrogen onto the metal hydride (MH) bed is 

equivalent to the rate of desorption, resulting in no net change in 

the amount of adsorption. The equilibrium pressure curve during 

the adsorption process is depicted in fig. 9. Initially, the 

adsorption of hydrogen on the surface of the MH particles causes 

an increase in the equilibrium pressure. However, as the MH 

particles reach their saturation point at the inner boundary, the 

rate of adsorption decreases, leading to a decline in the 

equilibrium pressure. 
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As the hydrogen concentration propagates from the inner 

boundary and temperature from the outer boundary throughout 

the domain, the equilibrium pressure gradually rises again. Once 

the MH bed becomes fully saturated, the pressure curve reaches 

a plateau, indicating the maximum capacity of the adsorption 

process, and the rate of adsorption becomes negligible as almost 

all the available adsorption sites are already occupied by the 

adsorbate molecules. 

FIGURE 9: EQUILIBRIUM PRESSURE PROFILE DURING 

ADSORPTION PROCESS (CHARGING) 

4. CONCLUSION
A computational model based on finite volume method

(FVM) is developed for the analysis of hydrogen storage systems 

using metal hydrides. The FVM discretization approach employs 

control volumes in the computational domain, allowing for 

customization to accommodate any type of grid for a wide range 

of MH-based storage applications. The accuracy of the model is 

enhanced by FVM's inherent ability to satisfy governing laws of 

conservation of mass, energy, and momentum. The developed 

model is implemented for a simplified MH-based hydrogen 

storage system, involving only the heat transfer fluid, and is used 

to plot temperature and average reacted fraction profiles for the 

system during the adsorption process. The results demonstrate 

good agreement with experimental data for the reacted fraction 

profile. 

The model can be extended to the desorption process as well 

as applied to a system involving both HTF and annular fins by 

modifying the boundary condition and system configurations. It 

can be utilized to develop an optimization tool that can lead to 

higher hydrogen storage efficiency and rapid system charging 

and discharging. By analyzing the concentration and temperature 

distributions inside the system, the optimal dimensions can be 

determined. These results suggest that the adsorption process is 

influenced by both mass and heat transfer mechanisms. Overall, 

this study presents a comprehensive computational tool that can 

be conveniently customized for a wide range of metal hydrides 

and environmental conditions. 
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