International Solar Energy Society SWC2023 Proceedings

Numerical Investigation of Energy Desorption in Dual Metal
Hydride Bed based Thermochemical Energy Storage System

Sumeet Kumar Dubey?, K. Ravi Kumar?! Vinay Tiwari?2 and Umish Srivastva?
! Indian Institute of Technology (IIT) Delhi, New Delhi (India)
2 Indian Oil Corporation R&D Centre, Faridabad, Haryana (India)

Abstract

Among thermal energy storage (TES) systems, thermochemical energy storage (TCES) systems are known for
high energy storage density. Metal hydride (MH) based TCES system, due to its good chemical reversibility
and higher thermal stability, found suitable for high temperature TES applications. Many studies have reported
the improvement in energy storage characteristics with enhancement in the heat transfer phenomenon in dual
MH bed systems. The study investigates the discharging characteristics of a dual MH bed system for high
temperature thermal energy release process. The dual metal hydride bed system includes a high temperature
metal hydride (HTMH) bed, which works as energy storage media operating at high temperatures and a low-
temperature metal hydride (LTMH) bed, used as hydrogen storage media. NaMgH.F is used as HTMH, while
Mg2NiH, is used as LTMH. The heat transfer phenomenon, energy discharging characteristics, and hydrogen
transfer during thermal energy release from HTMH are studied. The energy desorbed from the MH bed for
thermal conductivity 0.5 W/m K, 0.75 W/m K, and 1 W/m K are found as 251.25 kJ, 258.22 kJ, and 260.57
kJ, respectively. Hydrogen absorbed in the HTMH during thermal energy desorption for thermal conductivity
0.5 W/m K, 0.75 W/m K, and 1 W/m K are 6.94 g, 7.13 g, and 7.17 g, respectively. The heat transfer
phenomenon in HTMH bed has improved with the increase in thermal conductivity of HTMH, and hence, the
heat desorption characteristics also improved. The thermal energy discharging rate from HTMH also increased
with the increase in the thermal conductivity of the HTMH bed.

Keywords: Concentrating solar power, Thermochemical energy storage, High temperature thermal energy
storage, Dual metal hydride system.

Introduction

Solar energy has a huge potential to fulfill the thermal energy requirement in industrial process heating and
solar thermal power generation. However, the utilization of solar energy has challenges, such as its intermittent
nature and diurnal variation hindering the usage of solar energy. A thermal energy storage system (TES) can
address the abovementioned issues and utilize solar energy effectively. TES systems can be classified as
sensible, latent, and thermochemical energy storage systems (Jain et al., 2021). Sensible energy storage system
stores/releases heat by changing the temperature of the working media, while the latent energy storage system
stores/releases heat by changing the phase of the storage media. Thermochemical storage system
stores/releases heat as an endothermic/exothermic chemical reaction, as shown in the chemical reaction below
in Equations 1 and 2. With the limitation of low energy storage density of sensible and latent storage,
thermochemical energy storage has recently gained attention. TCES systems are also found thermally stable
at high temperatures with good cyclic stability. Metal hydride-based thermochemical systems have better
reversibility and long cyclic life as compared to other thermochemical energy systems.

MH + AH - Metal (alloy) + Hydrogen (1)
NaMgH,F + AH — NaF + Mg+ H, (4H =96.8 kJ/mol H,) )

In earlier studies on metal hydrides for thermal energy storage, Magnesium (Mg) and its alloys have been
extensively studied because of their higher storage capacity, thermal stability, cyclic stability, and lesser cost.
Mg-based metal hydrides have been studied to store waste heat for steam generation application. The system
stored 9.08 kWh of heat energy at 370 °C with storage efficiency near 80% (Bogdanovi¢ et al., 1995). A Mg
hydride system was also studied for cyclic stability at 420 °C. 19 gm Mg hydride system was operated for 20
cycles without any change in storage density. The heat losses from the system were significant, but the authors
expected a reduction in heat loss with an increase in the size of the system (Paskevicius et al., 2015). Numerical
analyses of single bed (Mg2Ni alloy) HTMH have been performed to study heat transfer, energy absorption,
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and desorption (sorption) characteristics (Dubey and Kumar, 2022a, 2022b, 2021a, 2021b). Tubular and
annular configurations of Mg,Ni alloy were compared for charging/discharging time and storage density. The
desorption of hydrogen from the annular reactor was found to be 70% fast without much variation in energy
storage density (Sunku Prasad and Muthukumar, 2023).

Dual metal hydride-based thermal energy storage systems were also investigated for the system's feasibility
and performance. NaMgHzF and TiCry6Mng2 were used as HTMH and LTMH, respectively and an energy
storage density of 226 kWh/m?® was reported (D’Entremont. et al., 2017). Another dual metal hydride system,
which used Mg,FeHs as HTMH and NasAlHs as LTMH, was investigated. The system was found suitable for
the temperature range of 450-500 °C and energy storage density of 132 kWh/m® (D’Entremont et al., 2018).
The same pair of metal hydrides used fins as extended surfaces and reported an energy storage density of 90
kWh/m?® and 96% storage efficiency (Sofiene Mellouli et al., 2018). Another study that used Mg:Ni alloy as
HTMH and LaNis alloy as LTMH reported 156 kWh/m? energy storage density with an energy storage density
of 89.4% (Malleswararao et al., 2020).

Connecting Tube

LTMH (Mg, NiH,)

HTMH (NaMgH,F)

Figure 1: Geometry of coupled metal hydride bed system

This study considers the discharging process of heat at high temperature from a dual metal hydride bed system
for performance analysis. NaMgH.F is used as HTMH, while MgzNiH, is used as LTMH. One kg of HTMH
storage media is considered in a cylindrical shape bed. The HTMH and LTMH beds are embedded with radially
distributed axial heat transfer fluid (HTF) tubes and a hydrogen tube at the center coupled by a connecting
tube, as shown in Figure 1. Since the HTMH and LTMH are symmetric with respect to the x and y axis, one-
fourth of the complete geometry is considered for analysis to minimize the computational time. The LTMH
requirement is calculated by considering the quantity of hydrogen released from HTMH.

Mathematical Modelling

This section includes a discussion on the model development in COMSOL Multiphysics. The governing
equations, thermochemical properties, assumptions, geometry details, initial values, and boundary conditions
used in the model are discussed in detail.

Governing Equation

The mass, momentum, and energy conservation equation used in the numerical analysis are discussed (Dubey
and Kumar, 2022b, 2021a; Malleswararao et al., 2020). Equation (3) represents the mass balance equation for
hydrogen flowing inside the pores of metal hydride while eq. (4) represents the mass balance equation for the
metal hydride fraction. Equation (6) and Equation (7) represent mass balance for HTF (compressed air) and
hydrogen flow in tubes.
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% + V. (paug) =0 (7)

The Brinkman equation represented by equation (8) is used for the momentum balance of hydrogen flow in
metal hydride pores. Navier Stokes equation represented by equations (9) and (10) are used for the momentum
balance of hydrogen and HTF.

p—g(aﬁ+ u .V%) =—-Vp —%ug —Sg—’;‘ug + V. [%g (Vug + (Vug)T) —%“’(V. ug)](B)

e \ at g
(32 + 1y 22) = —p + V. [uy (Viig + (Vi) ) — 222 (V. )] ©)
(aait + uav%) = —VUp+V. [,ua(Vua + (Vug)") - 22 (v. ua)] (10)

Energy balance equations for metal hydride , hydrogen and HTF are represented by equation (10), (15), and
(16) respectively. Effective thermal properties are calculated by using average volume methods as represented
by equation (12) and (13). Energy source term (the volumetric energy absorption rate ) is represented by
equation (14).

(00, 3¢ + PCpg(ttg: VT) = V.(AesfVT) + Sy (12)
Aefr = edg + (1 — €)As 12)
(ben),,; = £(pey), + (1= £)(pey), 13)
Sr = Sm(Ah) (14)
(PgCpg) (5 + ug.VT) = V.(2,VT) (15)
(PaCpa) (5 + 1a-VT) = V.(1,VT) (16)
Table 1: Metal hydride properties used in analysis (D’Entremont et al., 2018; Nyamsi and Tolj, 2021; Sheppard et al., 2014)
Properties HTMH LTMH
Reaction rate constant (1/s) 120000 (desorption) 175 (desorption)
Activation energy (kJ/mol) 102.5 (desorption) 52.2 (desorption)
Enthalpy of reaction (kJ/mol) 96.8 64.5
Entropy of reaction (J/mol K) 138 122.2
Specific heat capacity (kJ/kg K) 0.419 0.697
Gravimetric storage density (wt%) 2.5 3.6
Unsaturated density (kg/m?) 1390 3200
Saturated density (kg/m?) 1424.75 3315.2
Thermal conductivity (W/m K) 0.5 0.2

Assumptions
The assumptions considered in the numerical investigation are listed below.
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e Hyisassumed as an ideal gas.
e  Thermal equilibrium between H, and MH are considered.

e The MH material is homogenous and isotropic.

e The effect of radiation inside the MH bed is not considered.
e  The thermal properties of MH, H,, and HTF are considered constant.
e The heat transfer between MH bed and surrounding is neglected.

Geometrical Parameters

The dimensions of the different domains of the dual metal hydride bed system considered in the numerical
modeling are listed in Table 2. The diameter and height of the LTMH and HTMH bed, along with the
dimensions of heat transfer fluid tubes and hydrogen supply tube, are listed below.

Table 2: Geometrical parameter of computational domain

Parameter HTMH LTMH
MH bed diameter (cm) 104 7.9
MH bed height (cm) 20.8 15.8
Diameter of H, tube (cm) 0.95 0.95
HTF tube inner diameter (cm) 0.44 0.44
HTF tube outer diameter (cm) 0.64 0.64
Number of HTF tubes 44 24

Initial VValues

The initial values of different domains considered in the analysis are listed in Table 3 below.

Table 3: Initial values of different domains of HTMH and LTMH

Domain NaMgH:F (HTMH) | MgzNiHs (LTMH)
Temperature of MH bed and HTF (°C) 550 386.6
Pressure of MH bed (bar) 11.61 18.84
Temperature of H (°C) 25 25
Pressure of H, (bar) 1 1
Pressure of HTF (bar) 1 1
Density of MH bed (kg/m?) 1390 3315.2

Thermodynamic cycle

The thermodynamic cycle of the MH bed for energy absorption and energy release process is shown in Figure
2. The energy release process takes place at point D where hydrogen movement is shown by dashed blue line
from point A to D. The temperature of point D is 550°C and due to the pressure difference between point A

and D the movement of hydrogen takes place.
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Figure 2: Thermodynamic cycle for dual MH bed TES system

Results and discussion

The study performed on the dual metal hydride bed system includes heat transfer analysis and energy
desorption characteristics for variation of thermal conductivity of HTMH bed. Heat transfer analysis includes
the study of temperature variation in the MH bed for different thermal conductivity of HTMH. The energy
desorption characteristics include the evaluation of the quantity of energy released from the HTMH bed, the
desorption rate, and the quantity of hydrogen absorbed in the HTMH bed.

During energy release from the HTMH bed, the average temperature of HTMH increases initially because of
the exothermic reaction and the metal hydride bed releases more than 60% of thermal energy within 2000
seconds for all three cases of thermal conductivity. Figure 3 represents the variation of average metal hydride
bed temperature with time for three different cases of thermal conductivity. With the increase in thermal
conductivity of the MH bed, heat transfer from the MH bed is found to be improving and the MH bed
temperature quickly attains the equilibrium temperature. The saturation fraction represents the fraction of
thermal energy in the MH bed. The value of saturation fraction 1 means the MH bed is completely saturated
with the thermal energy and no heat absorption will occur. The zero value of saturation fraction represents an
empty MH bed. Figure 4 represents the saturation curve of the HTMH bed with time for different thermal
conductivities. Due to effective heat transfer with higher thermal conductivity value, the metal hydride bed
releases heat faster.

—k=103
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Figure 3: Average MH bed temperature variation of HTMH bed with time
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Figure 4: Saturation fraction variation of HTMH bed with time

Table 4 represents the saturation fraction value of the HTMH bed at different instants for three different thermal
conductivity cases considered for analysis. The energy fraction available in HTMH bed at 500 s for
0.5 W/m K, 0.75 W/m K, and 1 W/m K thermal conductivity is found as 0.72, 0.67, and 0.64, respectively.
Similarly, at 4000 s, the values are 0.14, 0.09, and 0.05, respectively. It shows that the energy release rate
increases with the increase in thermal conductivity of the HTMH bed.

Table 4: Saturation fraction for different thermal conductivity at different instants during energy desorption

Saturation Fraction (HTMH)
Time (s)
0.5 (W/m K) 0.75 (W/m K) 1.0 (W/m K)
500 0.720686 0.677386 0.641221
1000 0.573917 0.502201 0.443264
2000 0.361458 0.264213 0.196231
3000 0.222463 0.145327 0.101345
4000 0.141797 0.090014 0.058569

The temperature contours and density contours for the energy release process at different instant is shown in
Figure 5 and 6. The legend on the left in Figures 5 and 6 indicates the values for HTMH, while the right one
indicates LTMH values. The cross-sectional temperature of HTMH is more uniform for high thermal
conductivity. Due to improvement in heat transfer for higher thermal conductivity, the increase in temperature
of HTMH bed is lesser and thus, the reaction Kinetic is better in control rather than uncontrolled reaction due
to higher temperature.
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Figure 6: Density contours of dual MH bed for different thermal conductivity (a) 0.5, (b) 0.75, and (c) 1 W/m K

The energy released from the HTMH bed is found to increase with the thermal conductivity of the HTMH bed.
The thermal energy release for 0.5 W/m K, 0.75 W/m K, and 1 W/m K thermal conductivity is found to be
251.25 kJ, 258.22 kJ, and 260.57 kJ, respectively. The quantity of hydrogen absorbed in the HTMH bed during
energy release for 0.5 W/m K, 0.75 W/m K, and 1 W/m K thermal conductivity are found as 6.94 g, 7.13 g,
and 7.17 g, respectively.

Conclusions

The heat transfer improvement due to an increase in the thermal conductivity of HTMH has shown better
energy desorption characteristics. The key takeaways of the analysis are as follows:

e The increased thermal conductivity of the metal hydride bed leads to improved heat transfer rate from
the HTMH bed.

e The release rate of energy has increased with the increase in the thermal conductivity of the HTMH
bed.

e The energy release from the MH bed was found minimum for thermal conductivity 0.5 W/m K i.e.,
251.25 kJ, and maximum for 1 W/m K i.e., 260.57 kJ.

e Hydrogen absorbed in the HTMH for thermal conductivity 0.5 W/m K, 0.75 W/m K, and 1 W/m K
are 6.94 g, 7.13 g, and 7.17 g, respectively.
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