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Abstract

Concentrating solar power plants can achieve low cost and efficient renewable electricity production if
equipped with adequate thermal energy storage systems. Metal hydride based thermal energy storage
systems are appealing candidates due to their demonstrated potential for very high volumetric energy
densities, high exergetic efficiencies, and low costs. The feasibility and performance of a thermal energy
storage system based on NaMgH:2F hydride paired with TiCr16Mno. is examined, discussing its
integration with a solar-driven ultra-supercritical steam power plant. The simulated storage system is
based on a laboratory-scale experimental apparatus. It is analyzed using a detailed transport model
accounting for the thermochemical hydrogen absorption and desorption reactions, including kinetics
expressions adequate for the current metal hydride system. The results show that the proposed metal
hydride pair can suitably be integrated with a high temperature steam power plant. The thermal energy
storage system achieves output energy densities of 226 kwh/m?, 9 times the DOE SunShot target, with
moderate temperature and pressure swings. In addition, simulations indicate that there is significant

scope for performance improvement via heat-transfer enhancement strategies.
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Nomenclature and abbreviations

Abbreviations

CSP

DOE

GWE

HTMH

LTMH

MH

SRNL

TES

uSC

TIT

Variables

Concentrating solar power

US Department of Energy
Greenway Energy

High-temperature metal hydride
Low-temperature metal hydride
Metal hydride

Savannah River National Laboratory
Thermal energy storage

Ultra super critical

Turbine inlet temperature

Preexponential absorption kinetics factor (s)
Preexponential desorption kinetics factor (s)

Specific heat capacity at constant pressure (J/kg-K)
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AH

Absorption activation energy (J/mol)

Desorption activation energy (J/mol)

Enthalpy of reaction for H> desorption (J/mol)

Molar enthalpy of Hz (J/mol)

Thermal conductivity (W/m-K)

Fill length of MH in test vessel cavity (m)

Molecular weight of H> (kg/g-mol)

Molar H2 storage capacity of MH bed (mol)

Gas pressure (Pa)

Atmospheric pressure (Pa)

Equilibrium pressure between the MH and the gas (Pa)

Volumetric thermal power input (W/m?3)

Thermal energy input (J)

Thermal power input (W)

Universal gas constant (J/mol-K)

Radius of MH cavity in test vessel (m)
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AS

U

Na

1=
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Mass rate of production of Hz gas (kg/m?s)

Entropy of reaction (J/mol-K)

Temperature (K)

Time (s)

Gas velocity vector (m/s)

Superficial gas velocity vector (m/s)

Molar concentration of H, absorbed within the MH (mol/m?3)
Minimum molar concentration of Hz in MH (mol/m?)

Maximum molar concentration of Hz in MH (mol/m?)

Porosity of the MH bed
Efficiency

Dilatational viscosity of H> gas (Pa-s)

Dynamic viscosity of H2 gas (Pa-s)
Mass density (kg/m?)

Viscous stress tensor (Pa)
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Subscripts

H2 Associated with H2 gas

HTMH Associated with high-temperature metal hydride

LTMH Associated with low-temperature metal hydride

MH Associated with metal hydride (same value for both HTMH and LTMH)

MHBulk Associated with bulk (non-porous) MH material (same value for both HTMH

and LTMH)
PP Associated with power plant
SS Associated with stainless steel
0 Initial condition

1 Introduction

One of the best solutions to produce renewable electric power is represented by concentrating solar
power (CSP) plants [1], due to their potential to provide highly dispatchable power [2-5]. However, to
achieve low electricity production costs, CSP plants must be coupled with suitable thermal energy
storage (TES) systems [6]. With an adequate storage system, the plant can produce electricity
continuously at a power level dictated mainly by the plant capacity factor. Currently thermal energy can

be stored as sensible heat, latent heat, or thermochemical heat [2-3].
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Thermochemical systems utilizing coupled metal hydrides (MHSs) are a very appealing option due to the
high efficiency, high energy density and potential low costs [7,8, 9,10]. Recent analyses have
demonstrated that MH-based TES systems can achieve volumetric energy densities almost 10 times
larger than traditional molten salt systems [7]. They also have the potential for high exergetic
efficiencies, on the order of 95%, and lower costs than molten salt systems, approaching the DOE target
of 15 $/kWhth [7,8,11]. A MH-based TES system requires a high-temperature metal hydride (HTMH) to
be paired with a low-temperature metal hydride (LTMH). Among the HTMH materials available for
TES applications, those based on Na and Mg show several positive characteristics. The Na and Mg class
of materials operates at temperatures on the order of 500-650 °C, depending on the MH formulation
[7,11,12]. This range of temperatures makes the TES system suitable for integration with solar driven
high pressure or supercritical steam power plants, which usually operate at temperatures on the order of
600 °C [13,14]. The Na-Mg metal hydrides have also demonstrated the capability to reach high energy
densities [7], high exergetic efficiencies [7,11] and relatively low investment costs [7]. The materials
best suited for TES applications and currently available are NaMgH3 and NaH. A third Na-Mg MH
formulation, the NaMgH2F material, is being actively examined for thermal energy storage applications.
This material was extensively studied and characterized by Bouamrane et al in the late 1990’s [15].
Recent investigations have demonstrated the high potential of NaMgH2F for thermal energy storage use.
The material has shown the potential to reach TES system cost lower than 30 $/kWhth when the HTMH
is coupled with sodium alanate based LTMH [11,12]. The reduced system cost can be attributed mainly
to the low raw material cost and the high reaction enthalpy of 96.8 kJ/molH2 [11,12]. The TES system
based on NaMgH2F can also reach exergetic efficiencies on the order of 86% [11] and TES system
volumetric energy densities on the order of 240 kWhth/m?3, i.e. about 10 times larger than the DOE

target of 25 kWhth/m3 [7,12]. However the initial formulation of this material showed some drawbacks
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relative to the cycling performance, with a remarkable cycling degradation after only a few cycles [11].
This issue has recently been solved with some minor material modifications as discussed and

demonstrated in Ref [16].

The present work focuses on the technical assessment and performance analysis of a TES system
comprising the NaMgH2F HTMH material, coupled with a high pressure Ti based LTMH (TiCr1.6Mn-
0.2). This coupled TES system can achieve operating temperatures of about 600-650 °C, requiring low
temperature heat at about 15-30 °C. This makes the proposed TES system suitable for integration with a

CSP plant based on an ultra-supercritical (USC) steam cycle operating at approximately 600°C.

The objective of this work is also aimed to identify the setup and operating conditions for an optimized
system configuration. To accomplish this, a laboratory-scale apparatus is simulated using a detailed
transport model accounting for mass, energy and momentum balances, as well as kinetics expressions
for the MH materials. The predicted spatial and temporal variation of the temperatures, gas pressure, and
absorbed hydrogen concentration for the coupled MHs is presented and analyzed. The results obtained
from the simulation will be used to guide future laboratory scale experimental tests and to identify

optimal operating conditions for the integrated solar power plant at larger scales.

2 Solar driven plant concept
The proposed thermal energy storage system was selected to be integrated with a solar driven USC
steam power plant, operating at temperatures on the order of 600-650 °C. The simplified schematic of

the overall solar plant is shown in Figure 1.
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Figure 1: Solar driven USC steam power plant with MH based TES system

The plant is comprised of a solar capturing and concentrating section, a TES system based on coupled

MHs (referred to as HTMH and LTMH) and a USC steam power plant, operating continuously.

The TES system cycles hydrogen between a high-temperature metal hydride (HTMH), operating at
approximately the steam turbine inlet temperature, and a low-temperature metal hydride (LTMH),
making use of the endothermic desorption and exothermic absorption reactions in each MH. During the
day, when direct solar power is available, the steam power plant is driven by direct concentrated solar
power. The surplus solar energy is stored in the TES system. The high temperature heat is exchanged
with the HTMH (i.e. NaMgH2F material), which releases the hydrogen through an endothermic
reaction. The desorbed hydrogen is stored in the LTMH through a low temperature exothermic reaction.
The low temperature heat is rejected from the TES to the environment. When the power plant requires
additional power the process is reversed. The hydrogen previously stored in the LTMH is absorbed in

the HTMH providing the required high temperature thermal power. The low temperature heat required
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by the LTMH to desorb the hydrogen is provided by the waste heat available in the condenser of the

power plant. More details on the principles of MH-based TES systems can be found in Ref [7].

The choice of an adequate LTMH is critical since the material needs to match both the HTMH operating
conditions and the power plant waste heat properties. An initial screening of potential LTMH materials
has been carried out based on the cost and the operating conditions of the material. The optimal LTMH
should work at hydrogen pressures on the order of 50 bar, required to hydrogenate the HTMH, with
operating temperatures on the order of 15-30 °C, allowing the power plant waste heat recovery. In
addition, a self-sustaining plant concept must satisfy the following constraint: AHLTMH < AHHTMH (1-
nep) Where AH is the enthalpy of reaction for the absorption/desorption reaction and npp is the

efficiency of the power plant.

This is a necessary, but not sufficient condition T, which ensures that the waste thermal power, rejected
from the steam power plant at constant temperature, can be sufficient to desorb the required hydrogen
flow rate from the LTMH. The selected HTMH material has a reaction enthalpy of 96.8 kJ/molH2 [12]
and a typical USC steam power plant can reach cycle efficiencies on the order of 45-50% [13]. As a
consequence, the selected LTMH needs to have reaction enthalpies at least lower than 45-50 kJ/molH..
The Ti based TiCr1.6Mno2 material has been chosen as the coupled LTMH since it meets the required
operating conditions and is characterized by a relatively low cost compared to other more expensive
LTMH candidates. The power plant schematic is shown on the right hand side of Figure 1. The power
required for steam generation is entirely provided by the solar source either directly or after storage in

the TES. The USC steam feeds the steam turbine, which has five stages: (1) very high pressure (VHP)

* The condition has been assessed for the thermal energy release process (i.e. hydrogen absorption in the
HTMH) with the following assumptions: (1) the MHs operate at constant temperature during the thermal
energy release, (2) no additional losses (in the connecting equipment, tubing, etc) are included, (3) all
the waste heat from the power plant can be recovered and used in the TES
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stage operating at turbine inlet temperature (TIT) on the order of 600 °C and pressure of about 300 bar
[13,14]; (2) high pressure (HP) stage operating at about the same TIT as the VHP stage and pressure of
about 90 bar, after the first reheating (RH1) in the steam generator; (3) intermediate pressure (IP) stage
operating at pressure of about 40 bar and same TIT of the high pressure stages, achieved after the second
reheating (RH2); (4) low pressure stages (LP1 and LP2) where the steam expands reaching temperatures
on the order of 40 °C (as required by the TES system) at a pressure of about 0.075 bar. The power plant
has 5 regeneration lines (shown as dotted lines in Figure 1) to increase the efficiency as well as a degas
unit to remove the air in the circuit at low pressures. The heat available from the condenser is recovered
to release the hydrogen from the LTMH during the thermal energy release or is rejected to the

environment (EHE heat exchanger) when direct solar power is available (Figure 1).

3 Methods and Analysis

3.1 Transport model

The transport model for the paired-MH TES system consists of mass, momentum, and energy balance
equations, as well as the equation of state for gaseous hydrogen and Kinetics expressions representing
the H» absorption and desorption in the HTMH and the LTMH. The differential equations were solved

using a finite element analysis approach in COMSOL Multiphysics.

3.1.1 Hydrogen transport

The mass balance for hydrogen gas accounts for gas flow and for H2 production/consumption due to
reactions with the MH. It must be solved in both the free gas spaces, such as the connecting tubes and
open channels in the vessels, and within the porous MH beds. It can be expressed by the differential

equations

10
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% +V-(p?) =0, infreegasvolume

(1)

e% + V- (pvs) =S, inporous MH beds

where p and ¥ are respectively the density and actual velocity of the Hz gas, ¢ is the porosity of the MH
bed, and V, =&V is the superficial gas velocity. The mass rate of hydrogen production S is expressed as

oX
S:_MHZE (2)

where My, is the molar mass of hydrogen and X is the local molar concentration of H absorbed in the

MH.

The differential form of the momentum balance equation (Brinkman equation) for hydrogen flowing

inside the media under laminar flow conditions is expressed as follows:

sagi+[”+i)vs :—VP+V-[”(WS +Vi," )}—V-KZ”—% J{lJ(V-vS )I} ©)

K & & 3 g

with P being the pressure, u being the dynamic viscosity, and n, being the dilatational viscosity of the

H2 gas.

This equation also includes the viscous stress term expressed in terms of velocity components, taking

into account the viscosity of the media as well.

For free flows without porous media (such as the hydrogen connecting tubes and open channels in the

tank), the porosity & equals unity and the momentum balance equation under laminar conditions

simplifies to:
p%?vp—v-z (4)

11
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The pressure P and gas density p are related via the hydrogen equation of state. The present model
evaluates the hydrogen state using the ideal gas equation of state modified with the compressibility

factor Z(P,T):
P=2Z(P,T)pRT (5)
The compressibility factor was evaluated by fitting data available from the NIST database [17].

3.1.2 Energy balance

The energy balance within the MH beds was assessed based on the local enthalpy balance accounting for
both the MH material and the gaseous hydrogen within the pores. Approximating the hydrogen in the
pores as an ideal gas, the molar enthalpy is taken as a function of temperature only, i.e., hy, = hy,(T).
As a result, the molar enthalpy terms can be expressed in terms of the specific heat capacity C, and the
temperature according to dh = (0h/dT)|, dT = (C,/Mpy,)dT. The resulting energy equation is

expressed as
oT > orT -2 oP .
Pk C E_v'(k(v-r)j:_ngZCPHZ(E—'_V'VT)+‘C"E+CPH2T ‘S+S-AH +¢ (6)

where Cyy is the specific heat of the MH material, Cpy, is the hydrogen specific heat, k is the overall
thermal conductivity, AH is the enthalpy of reaction, and g represents the contribution of any additional
volumetric heat sources. Equation 6 is the general energy balance equation in a medium reacting with a
fluid, accounting for pressure work and viscous dissipation [18]. However, the terms related to the
kinetic energy and work done by gravitational force are neglected. This allows the pressure terms to be
decoupled from the velocity terms, resulting in simplification of the differential equation integration and

reduction of computational time.

12
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For free hydrogen gas flowing outside the porous material, the energy balance equation is expressed as

pHZCPHzﬂ_v'kVT ==Pu2CpnV - VT —LCPHZ(@+\7-VPJ—£:V\7 (7)
ot P2 ot -

3.1.3 Reaction kinetics
A first order kinetics expression was adopted to simulate hydrogen absorption/desorption in the HTMH

and LTMH materials:

C, exp (— ﬂ) In (i) (Xy —X), P > P,, (absorption)
ax _ RT Peq ®)
a C €exp (— i—;{) (%) (X — X)), P < P, (desorption)

with C, and C; being the pre-exponential kinetics factors and E, and E; being the activation energies
for H absorption and desorption respectively and X,, and X,,, being respectively the maximum and

minimum molar concentrations of absorbed Ha within the MH material.

The first expression of Equation 9 represents the hydrogen absorption kinetics at pressures higher than
the equilibrium pressure, while the second expression represents the hydrogen desorption kinetics when

pressures are lower than the equilibrium pressure.

The equilibrium pressure of the HTMH and LTMH was assessed adopting the van’t Hoff equation

AH AS ) )

Peq =Patmexp<ﬁ_?

where P,;,, is atmospheric pressure and AS is the entropy of reaction.

The current model assumes no slope in the bi-phase region and no hysteresis for the
absorption/desorption process. Additional correction factors that will account for these phenomena will

be included in the future work when the model results will be validated with experimental results.

13
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3.2 Bench-scale paired MH system

The proposed MH-based system is numerically simulated using the transport model described
previously. The material properties of the MHs as well as the initial and boundary conditions applied for
the differential equations are based on an experimental apparatus available at the SRNL and GWE

laboratories.

3.2.1 Experimental setup and material properties
Figure 2 shows the overall bench-scale experimental system (left), a close-up view of one of the MH test
vessels (middle), and the corresponding vessel geometry used in the numerical simulations (right). The

experimental system is designed to allow two metal hydrides to be directly tested at operational

temperature and pressures. Details of the system were described in Ref. [18].

Figure 2: Bench scale apparatus for pairing two metal hydride beds (left), image of one of the metal hydride reactors (middle),
modeling geometry of the sample vessel (right).

14
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The thermodynamic and physical properties of the MH materials are summarized in Table 1. The values
of reaction enthalpy and entropy are those reported in Reference [12]. The density values have been
calculated based on the crystal density and the bed porosity, assumed equal to 50%. The value of the
weight capacity, specific heat and the thermal conductivity of the two materials are typical values for the

two selected materials and have been assumed based on the data reported in References [12,19,20].

Table 1: Properties of HTMH (NaMgHF) and LTMH (TiCr1.6Mno ) materials

Property | Units HTMH LTMH
(NaMgH2F) | (TiCr1.6Mnog2>)

AH J/mol -96800 —28000 | Reaction enthalpy

AS J/mol-K -138.0 -129.0 | Reaction entropy

p kg/m? 1390 3123 | Bulk density

Cp J/kg-K 1300 500 | Specific heat

Kiot W/m-K Overall thermal conductivity of H»-

05 0.6 | filled MH bed

€ 0.5 0.5 | Porosity of bed

wt% | kgH2/kgMaterial 2.5 1.5 | Weight capacity

3.2.2 Numerical model implementation

3.2.2.1 Model geometry

The numerical model geometry consisted of two identical stainless steel MH vessels connected by a
short tube for H gas transfer between them. The two vessels and the connecting tube were aligned
axially to yield an axisymmetric system that could be modeled in two dimensions, r and z. Figure 3

shows the 2D axisymmetric geometry simulated. It was divided into regions of stainless steel, free

15
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hydrogen gas, and porous MH beds. Ten locations, indicated in Figure 3(a), were selected for plotting
local results for temperature and equilibrium pressure. These locations were chosen as representative of
the behavior in the core and outer surfaces of the MH beds. The dimensions of the vessels are shown in

Figure 3(b).

Experimentally, the MH beds consist of a fill of MH powder with void space between particles to be
filled with hydrogen gas. Numerically, the beds were represented homogeneous cylinders with uniform
porosity and effective properties. The MH powder was assumed to uniformly fill the vessel cavity up to
a specified distance, with free Hy gas filling the remainder of the cavity. The fill length of MH powder

in the vessel was denoted as Ly for the LTMH and Ly for the HTMH.

The geometry of the experimental stainless steel vessels was replicated as closely as possible in the
model, while the connecting tubing was shortened (to 8.4 cm) and simplified. Because the shortened
tube would result in an unrealistically large conductive heat transfer through the stainless steel tube wall
connecting the vessels, the tube wall was omitted from the model and replaced by an adiabatic boundary

condition.

16
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Figure 3: 2D axisymmetric model geometry, showing the inner radius R,, of the vessel cavity and the fill lengths L;ryy and Lyryg of
the LTMH and HTMH beds, respectively. Local temperatures and equilibrium pressures will be plotted at the 10 state points within the
LTMH and HTMH beds.

3.2.2.2 Boundary and initial conditions

The energy conservation equations (6-7) governing the temperature T are first-order in time and second-
order in space. Therefore, they require one initial condition and two boundary conditions for the
temperature T in each direction. The kinetics equation (8) governing the absorbed hydrogen
concentration X inside each MH are first order in time, so they require one initial condition within each
MH. The mass conservation equation (1) (first-order in time and space) and the momentum equations
(3-4) (first order in time and second-order in space), governing the pressure P and gas velocity v,

require one initial condition and two boundary conditions in each direction.

17
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Initially, the temperature T of the entire HTMH vessel, including the stainless steel as well as the MH
and hydrogen contained inside, was uniform and equal to Ty 7y = 640°C. Similarly, the initial
temperature of the LTMH vessel was uniform and equal to T ;7yy = 14°C. The temperature along the
tube connecting the two vessels varied linearly in the z-direction from T, yrpy at the bottom to Ty 1 rpyy
at the top. The absorbed hydrogen concentration X within each MH was initially uniform and equal to
Xonrmu = 0.95 Xy yryy and Xo prymy = 0.05 Xy 17y in the HTMH and the LTMH, respectively.
Here, the total amount of hydrogen initially absorbed in the two MHSs equals the maximum capacity n,,
of either single MH. The gas pressure was initially uniform throughout the entire system and equal to the
equilibrium pressure of the HTMH, i.e., Py = Peg urmu (To,urmu), While the gas velocity ¥ was zero

everywhere.

Because the system is axisymmetric and solved in two dimensions, boundary conditions are required
only in the radial r and axial z-directions. At the system centerline r = 0, axial symmetry existed for all
variables, i.e., dT /dr (r = 0) = 0,9P/dr (r = 0) = 0, and u,-(r = 0) = 0. No slip and no penetration
boundary conditions existed for the H2 gas on all interior walls of the vessel at all times, i.e., ¥|,,q; = 0
and VP| . = 0. The cap of each vessel and the connecting tube were thermally insulated on their outer
surfaces at all times. During discharging of each MH, the entire outer surface of the vessel was
thermally insulated while a volumetric heat source ¢ was applied to the MH to represent the effects of
the heaters in the bench-scale apparatus. During charging of the MH, a constant and uniform
temperature, equal to Ty yryy and Tq 17y for the HTMH and LTMH vessels, respectively, was imposed

on the outer wall and bottom of the vessel.

18
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3.2.2.3 Sizing of the coupled MH bench scale system

To avoid excess cost and system volume, the two MH beds should be sized so they have the same
theoretical maximum hydrogen storage capacity n,,; (in mol Hz). As shown in Ref. [18], for MH
vessels with the same cavity radius R,,, the fill lengths L; 74y and Lyppyy for the HTMH and LTMH,

respectively, are related by

Lirmu = (XM'HTMH) Lyrmu (10)
XM,LTMH

where Xy 1rmg and Xy gryy are the maximum Hz concentrations for the LTMH and HTMH. In the
present study, the HTMH is 1.35 times the volume of the LTMH. To maintain a free gas space in each
cavity equal to at least 20% of the cavity volume, the HTMH volume was set to Lyryy = 0.8L, =
0.122 m, resulting in a LTMH fill length of Lyyy = 0.0905 m and a theoretical H> storage capacity of

ny = 1.04 mol.

3.2.2.4 Heater power calculation

The heater power supplied to each MH bed during H> discharging must provide sufficient thermal
energy for the H> desorption reaction. In addition, there must be a drop in equilibrium pressure between
the discharging metal hydride and the charging metal hydride to drive Hz between them. One or both of
the metal hydrides must change temperature in order to reverse the direction of Hz flow, and the heater

powers must also account for the thermal energy for this sensible heating.

For each metal hydride, the thermal energy Q,,, ; (in J) required for desorption of the full H. capacity
(ny) can be computed based on the enthalpy of reaction AH; as Q; = nyAH; withi = HTMH or i =
LTMH. In the present model, the required thermal energies are Q. ;rmy = 29.135 kJ and

ern,HTMH = 100.73 k\]

19
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The thermal energy inputs required to raise the temperature of the LTMH, the HTMH, or one of the
stainless steel (SS) vessels by a temperature difference AT can be computed as Q; a7 = p;V;Cp ;AT,
where p;, V;, and ¢, ; are the density, volume, and specific heat for material i = LTMH, HTMH, or SS.
For the materials in the present study, these evaluate to Q 7y ar = (67.564 JIK)AT, Quryuar =
(108.22 J/K)AT, and Qss ar = (1147 JIK)AT. Thus, the majority of the energy for sensible heating is
devoted to raising the temperature of the stainless steel vessel. This can be attributed to the relatively
large ratio of stainless steel volume to MH volume in the benchscale system. The fraction of energy

input used to heat the vessel should decrease significantly as the system is scaled up.

The thermal energy input to each metal hydride is provided as a constant thermal power input Qy, ; over

the 1.5 h discharging step, i.e., Qn; = (Qrxni + Qiar + Qssar)/(1.5 h). In order to assess the system
performance independent of heater placement, the simulation represented the heater power using a
uniformly distributed volumetric heat source given by g, ; = Qh,i/(nR,%Li). Therefore, the g term in the

energy equation (6) is given by

Gnirmy  in LTMH bed during LTMH discharging
q ={4purmy  in HTMH during HTMH discharging (11)
0 otherwise

3.2.2.5 Target temperature ranges

Since the TES is integrated with a supercritical steam power plant, the target temperature range for the
HTMH side of the cycle is 630-650°C to achieve a TIT on the order of 600-620 °C [13,14]. The LTMH
heat input would ideally be provided by waste heat from the condenser, i.e., on the order of 15-30°C,

with a low temperature that requires minimal active cooling.

During HTMH discharging (analogous to “daytime” operation when excess solar power is available for

storage), the target temperature for the HTMH is 650°C. Assuming uniform temperature within each

20
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MH, the system would be in equilibrium for a LTMH temperature of 18.9°C, i.e., Poq yrmu(650°C) =
Peg,.rmu(18.9°C) (Equation 9). The LTMH set point during this step was set at 14°C, about 5°C below

the equilibrium value, to drive Hz flow from the HTMH to the LTMH.

During HTMH charging (analogous to “nighttime” operation when the power plant operates from stored
energy), the HTMH setpoint was 640°C. The corresponding equilibrium temperature in the LTMH
would be about 15.5°C. The LTMH target temperature during this step was set to 24°C, about 9°C
above the equilibrium value, to drive H» flow from the HTMH to the LTMH. As a result, the heater

power for each MH bed accounted for sensible heating of AT = 10°C.

3.2.2.6 Meshing

The computational domain was meshed using COMSOL’s physics-based mesh settings with the
predefined “Fine” element size, corresponding to maximum element size 2.46 cm, minimum element
size 0.139 mm, maximum element growth rate of 1.3, and curvature factor 0.3 for the simulated
geometry. The final mesh consisted of 15717 elements, with the finest elements along the interior
surface of the vessel cavity to resolve the boundary layer and the coarsest elements on the outer edges of

the vessel.

To assess mesh independence, the results using the mesh described above were compared with those of
an identical model meshed using COMSOL’s “Finer” predefined element size (max. element size 1.72
cm, min. element size 0.058 mm, max. element growth rate 1.25, and curvature factor 0.25) over one
full cycle. This mesh refinement more than doubled the number of elements to 40202. The maximum
relative errors in the predicted pressure, local temperatures, and amount of hydrogen in the HTMH were
less than 0.5% at all times. The maximum relative error in the amount of hydrogen in the LTMH was

less than 2% at all times, corresponding to less than 0.002 mol absolute error.
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4  Results and Discussion

4.1 Individual MH characterization

4.1.1 MH absorption/desorption kinetics under constant temperature and pressure
The kinetics parameter values for the first-order kinetics expression given in Equation (8) are reported in

Table 2 for both NaMgH2F and TiCr1sMno..

Table 2: Kinetics parameters for the HTMH (NaMgH,F) and LTMH (TiCr;.6Mn, ) materials

HTMH (NaMgH2F) | LTMH (TiCr16Mno2)
Ca (1/s) 120000 25.0
Ea (J/molH,) 102500 21500
Cd (1/s) 1000000 15.5
Ed (J/molH,) | 151500 19000
Xy (moIHZ/m3) 17375 23423
X_(molH,/m’) | O 0

The kinetics parameters for both metal hydrides were assessed using a MathCad® optimization tool to

fit the available data.

The LTMH material parameters were assessed based on the data and considerations reported in
Reference [19]. The selected LTMH material has similar kinetics behavior as the other Ti based LTMH
materials, as shown in Reference [19]. The HTMH material parameters were assessed using the
optimization tool to match the available experimental data. HTMH absorption kinetics tests have been
carried out at GWE and SRNL at temperature of 380 °C (with a hydrogen pressure of 40 bar) and 491

°C (with a hydrogen pressure of 51 bar). The values of the activation energy were measured
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experimentally for both charging and discharging, while the other kinetics parameters were assessed
fitting the experimental data. Regarding the desorption kinetics, a behavior similar to the other Mg-Na
based materials at the same corresponding conditions has been assumed. The numerically predicted
LTMH absorption and desorption behavior is shown in Figure 4(a) (absorption) and Figure 4(b)
(desorption). At an operating pressure of 60 bar, a temperature swing of 15-30°C during the
charging/discharging process ensures an almost complete absorption and desorption within about one
hour. This makes the material suitable for the current solar power plant conditions. A comparison of the
experimental and numerical results for the HTMH absorption and desorption is shown in Figure 4(c)
(absorption) and Figure 4(d) (desorption). The HTMH material shows good Kinetics for both charging

and discharging at operating temperatures on the order of 650°C and pressures on the order of 50-60 bar.
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Figure 4: Predicted (a) absorption and (b) desorption kinetics for TiCr1.6Mnyg, as well as (c) predicted and experimentally measured
absorption and (d) predicted desorption kinetics for NaMgH.F.

4.2 Model results for bench-scale paired MH system

4.2.1 Model temperature profiles

Figure 5 shows the average MH temperature T and local temperatures at selected locations within (a) the

LTMH (locations 1-5) and (b) the HTMH (locations 6-10). The 10 locations are indicated in Figure 3,

and were selected to illustrate the behavior within the core of the MH bed and on its surfaces in contact

with the stainless steel vessel or free H> gas. Local temperatures ranged from 14°C to 43°C in the
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LTMH and from 640°C to 689°C in the HTMH. The maximum temperatures in both MH beds occurred
on the centerline (r = 0), roughly 0.25L; from the bottom of the vessel. Temperatures T, and T’ in the
center of the MH beds (slightly lower than the maximum) are representative of the maximum
temperature evolution. The minimum temperatures in each bed occurred at location 5 in the LTMH and
location 10 in the HTMH, just inside the SS casing on the interface between the metal hydride and the
free H2 gas. In general, the temperature along the outer surface of the bed (represented by locations 3, 4,
and 5 in the LTMH and 8, 9, and 10 in the HTMH) was close to uniform and significantly cooler than
the interior of the metal hydride bed. In fact, the temperatures at the two locations in contact with the
end of the vessel (locations 3 and 4 in the LTMH and 8 and 9 in the HTMH) were nearly identical at all

times (<0.3% relative difference), so these curves overlap in the figure.
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Figure 5: Average MH temperature and local temperature for selected locations as a function of time in (a) the LTMH and (b) the
HTMH. The LTMH temperatures varied within an approximately 30°C range, while the range of HTMH temperatures was
approximately 48°C. In both beds, the temperatures at locations in contact with the end of the vessel (locations 3 and 4 in the LTMH
and 8 and 9 in the HTMH) were nearly identical at all times (<0.3% relative difference), so these curves overlap.

Each MH bed steadily rose in temperature throughout its discharging step due to the heater input. The
charging step for each metal hydride began with an abrupt temperature drop due to the imposed

temperature condition on the outside of the vessel. During this step, locations in contact with the

25



SRNL-STI1-2018-00040

stainless steel vessel (3-5 in the LTMH and 8-10 in the HTMH) were equal to the imposed temperature
due to the high thermal conductivity of the vessel, while the temperatures along the MH centerline were

larger due to the heat released by the exothermic absorption reaction.

4.2.2 Model pressure profiles

Figure 6 shows the pressure P of the hydrogen gas as well as the average equilibrium

pressures Pog prmpy and Peg pray OF the LTMH and TMH, respectively. The gas pressure remained
approximately uniform throughout the entire system, including the free gas volume and the porous beds,
over the entire simulation. The pressure drop required to drive gas flow in the system was on the order
of 100 Pa and was negligibly small compared to the temporal variation in gas pressure or the difference
P4, — P driving the absorption/desorption reactions. Over a full cycle, the pressure varied from 4.9 to
6.8 MPa (a 1.9 MPa range). Each step began with an abrupt pressure drop that can be attributed to rapid
hydrogen absorption in the charging MH bed following the rapid temperature decrease (Figure 5). The
absorption reaction depleted the free gas in the system until the discharging MH bed reached a high
enough temperature to desorb hydrogen at a rate equal to or exceeding the rate of absorption. For most
of the cycle, the gas pressure remained roughly halfway between the average equilibrium pressures of

the MH beds.
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Figure 6: Pressure profile of the hydrogen gas and average equilibrium pressures Feq,LTMH and I_’eq,HTMH for the LTMH and HTMH

beds, respectively, as functions of time over three cycles. The gas pressure was nearly uniform throughout the entire gas volume, and
was roughly halfway between the average equilibrium pressures for the majority of the cycle.

Figure 7 shows the local equilibrium pressures at selected locations within (a) the LTMH and (b) the
HTMH as well as the gas pressure as functions of time. The equilibrium pressure evolution at each
location qualitatively resembles the temperature evolution, since the two quantities are linked via the
van’t Hoff equation (9). However, the range of equilibrium pressure in each metal hydride differs due to
the differences in the reaction enthalpy and entropy of the two materials. Specifically, the LTMH
equilibrium pressures varied over a much larger range than those in the HTMH despite having a smaller
temperature range (Figure 5). This is a useful characteristic of the LTMH material, because it enables a
relatively small temperature swing in the LTMH to provide a driving force for changing the direction of

hydrogen flow in the system.
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Figure 7: Local equilibrium pressures P, at selected locations as functions of time within (a) the LTMH and (b) the HTMH as well as
the gas pressure P. In both beds, the equilibrium pressures at locations in contact with the end of the vessel (locations 3 and 4 in the
LTMH and 8 and 9 in the HTMH) were nearly identical at all times (<0.3% relative difference), so these curves overlap.

4.2.3 Hydrogen transport and MH state of charge (SOC)

Figure 8 shows (a) the flowrate of Hz gas leaving each MH bed and (b) the amount of H, contained in
the LTMH, the HTMH, and the gas as functions of time. The Hz content in (b) is represented in moles
on the left-hand axis and as the state of charge (SOC), i.e., the percentage of the theoretical bed capacity

ny, on the right-hand axis.

For the majority of the cycle, the rates of absorption and desorption [Figure 8(a)] were approximately
equal to one another. However, at the beginning of each step, the rapid temperature drop in the charging
MH bed (Figure 5) caused the H» absorption rate to increase more rapidly than the desorption rate in the
discharging bed. This accounts for the abrupt pressure drops observed at the beginning of each step in

Figure 6.

Both the absorption and desorption flowrates decreased towards the end of a step, particularly at the end
of HTMH charging steps. This can be attributed to the hydrogen content in the MH beds approaching

saturation or depletion. As the absorbed hydrogen concentration in the metal hydride approaches the
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maximum concentration (during absorption) or the minimum concentration (during desorption), the
kinetics expression indicates that the reaction rate will decrease. Figure 8(b) shows that the HTMH
charging step nearly saturates the HTMH and almost completely depletes the hydrogen content of the
LTMH, while the LTMH charging step reaches approximately 80% of the HTMH capacity and lowers
the LTMH content to approximately 16% of capacity. Overall, about 77% of the system capacity was

cycled in and out of the HTMH bed.

Figure 8(b) demonstrates that that the two metal hydrides form a balanced system that yielded consistent

cycling behavior starting from the first cycle with negligible thermal ratcheting.
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Figure 8: (a) The molar flowrate of H,. gas exiting each MH bed and (b) the amount of H,. stored in the HTMH, LTMH, and in gaseous
form as functions of time. The corresponding state of charge of each MH bed is shown in the right-hand axis of (b).

4.2.4 System energy density
Figure 9 shows the rates of heat transfer into and out of the HTMH, i.e., the heat input supplied by the
heater during LTMH charging, the heat output from the HTMH to the vessel during HTMH charging,

and the time-averaged heat output, as functions of time. Approximately 75% of the heat input during

HTMH,out

LTMH charging was retrieved during HTMH charging. The output energy density was _Burmiout

VarmMa+ViTMH
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226 KWh/m?, where Enrmu oue 18 the total thermal energy output over the HTMH charging step and

V; = mR2L; is the volume of a MH bed. This energy density is about 9 times the SunShot target of

25 kWh/m3.

At the beginning of the HTMH charging steps, the heat output reached a large peak with a maximum
value of 157 W. This period of rapid heat transfer lasted only about two minutes before the rate of heat
output dropped below 20 W. It can be attributed to the use of the imposed temperature boundary
condition, which rapidly cooled the vessel, as previously observed in Figure 5(b). Following this rapid
cooling, the HTMH heat output reached a local maximum of 18 W about 15 minutes after the start of the
HTMH charging step and decreased for the remainder of the step. The evolution of the heat output
follows the same shape as the magnitude of the HTMH hydrogen absorption rate shown in Figure 8(a),
and the decrease in heat output can similarly be attributed to approaching full depletion of the LTMH

and saturation of the HTMH.
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Figure 9: Heat input from heater to HTMH during LTMH charging and heat output from HTMH to vessel during HTMH charging as

functions of time, as well as the time-averaged heat output. About 75% of the heat input during LTMH charging was returned during
HTMH charging.

4.2.5 Thermal energy storage system heat transfer enhancements

Heat transfer limitations due to the relatively low thermal conductivity of the MH powders are expected
to significantly limit system performance. There are several possible strategies for enhancing heat
transfer in a paired-MH system, such as the inclusion of high-conductivity fins within the MH vessels or
additives to the MH powder, such as expanded natural graphite, that increase the effective thermal
conductivity of the mixture [7,21]. To examine the potential impacts on performance, the simulations
described above were repeated with a tenfold increase in the effective thermal conductivities of the MH
powders, i.e., increasing the values of k;,; to 5 W/m-K for the HTMH and 6 W/m-K for the LTMH.
Such increases in conductivity have been demonstrated for other less conductive MH materials, such as
NaAlH4, by adding a small weight percent of expanded natural graphite in the metal hydride or

compacting the MH material in pelletized form [21].
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Figure 10 shows the average MH temperatures and local temperatures at selected locations as functions
of time for (a) the LTMH and (b) the HTMH. The thermal conductivity enhancement in the MH beds
substantially decreased both their internal temperature gradients and the overall variation in their
average temperatures. The local temperatures ranged from 14°C to 32°C in the LTMH and from 640°C
to 666°C in the HTMH (decreasing the temperature ranges by 11°C and 23°C, respectively). As before,
the spatial temperature variation was larger in the HTMH than in the LTMH. This can be attributed to
the fact that the reaction enthalpy AH and the resulting amount of thermal energy absorbed or released

during operation is significantly larger for the HTMH.
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Figure 10: Average MH temperature and local temperatures for selected locations as a function of time in (a) the LTMH and (b) the
HTMH for MHs with effective thermal conductivities enhanced by tenfold. The heat transfer enhancement substantially reduced both
temperature gradients within the MH beds and the variation of the average temperature.

Figure 11 shows the gas pressure and the average equilibrium pressures in each MH bed. The enhanced
thermal conductivities reduced the pressure variation over the cycle by more than half. The pressure
ranged from 4.6 MPa to 5.4 MPa, a range of only 0.8 MPa in contrast to the 1.9-MPa range shown
previously in Figure 4. During the HTMH discharging step, the gas pressure stayed roughly halfway

between the average equilibrium pressures of the two beds. However, for the HTMH charging step, the
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gas pressure only slightly exceeded Pyrp, While P,y Was much larger than the gas pressure. The
local equilibrium pressures (not shown), like the local temperatures shown in Figure 10, indicated small

gradients and were close to the average values shown in Figure 11.
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Figure 11: Pressure P of the hydrogen gas and average equilibrium pressures peq,LTMH and I_’eq,HTMH for the LTMH and HTMH beds,
respectively, as functions of time for system with enhanced MH thermal conductivities.

Figure 12 shows (a) the flowrate of H2 gas leaving each MH bed and (b) the amount of H> contained in
the LTMH, the HTMH, and the gas as functions of time. The flowrates during HTMH discharging were
very similar to those observed previously in Figure 8(a). However, during HTMH charging, the
enhanced heat transfer increased the peak flowrates near the beginning of the step, and the decrease in
flowrate over the course of the step was steeper, approaching zero at the end of the step. Figure 12(b)
reveals that the LTMH approached complete hydrogen depletion (reaching a minimum SOC of about
0.2%) and HTMH complete hydrogen saturation (maximum SOC of about 99.8%) by the end of the
HTMH charging step. This accounts for the flowrates approaching zero and for the large increase in

P,ruu (Figure 11) required to continue desorbing hydrogen. The enhanced thermal conductivities
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enabled the system to cycle 83% of the hydrogen capacity in and out of the HTMH bed (an increase of
6% over the unenahnced system). Figure 12(b) demonstrates that HTMH discharging is the limiting step
under these conditions. In the first cycle, for example, the HTMH was able to discharge only 81% of its
hydrogen content during the HTMH discharging step, but the HTMH charging step restored both metal

hydrides to their initial SOC about 15 minutes before the end of the step.
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Figure 12: (a) The molar flowrate of H,. gas exiting each MH bed and (b) the amount of H, stored in the HTMH, LTMH, and in gaseous
form as functions of time. The corresponding state of charge of each MH is shown on the right-hand axis of (b).
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Overall, the enhanced heat transfer simulations demonstrate that increasing the effective thermal
conductivity of the MH beds significantly improved the system performance by decreasing temperature
gradients within the beds, decreasing the variation in pressure and temperature over the cycle, while
increasing the amount of H» transferred. The average HTMH heat output predicted for the enhanced-
conductivity simulation was also increased, so that 80% of the heat input during LTMH charging was
retrived during HTMH charging with an output energy density of 241 kWh/m3, 9.7 times the SunShot
target. The results also suggest that the selected metal hydride pair has good potential for achieving near
100% utilization of the metal hydride material and excellent thermal storage performance with further

optimization of the vessel design and heat inputs.

5 Summary and conclusions

A detailed transport model was used to evaluate a metal hydride based thermal energy storage system
coupled with an ultra-supercritical steam power plant. NaMgH2F and TiCr1.6Mno 2 were selected as the
high-temperature and low-temperature metal hydrides for the proposed system in order to supply turbine
inlet temperatures on the order of 600°C at the high-temperature side of the storage system. In addition,
the low temperature metal hydride material was demonstrated to be able to be coupled with the high
temperature metal hydride at temperatures on the order of 15-30 °C, thus allowing the recovery of the
steam power plant condenser waste heat. A bench-scale TES system was simulated to evaluate the
performance of the MH pair, accounting for mass, momentum, and energy balances on the H> gas and
the two MH beds. The model predicted successful cycling of 77% of the hydrogen capacity between the
two metal hydrides with: (1) an output energy density of 226 kWh/m? (9 times the SunShot target
value), (2) moderate temperature swings (<30°C in the LTMH and <50°C in the HTMH) and (3)

pressure variation of only 1.9 MPa.
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The effect of enhancing the heat transfer within the TES system was tested by increasing the effective
thermal conductivities of the metal hydrides. The simulation results demonstrated that heat transfer
enhancements can significantly improve the performance of the TES system. Without any further
optimization other than the increased conductivities, both the output energy density and the fraction of
hydrogen capacity utilized increased, while the temperature and pressure swings and the internal

temperature gradients significantly decreased.

Overall, the results indicate that a TES system utilizing the proposed metal-hydride pair has the potential
to provide large energy densities with near-100% utilization of the metal hydride capacity, and to
operate in a suitable temperature range to couple with an ultra-supercritical steam power plant. Heat
transfer limitations will be an important consideration in the TES system design in order to achieve good

performance.
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