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Abstract

The United States Department of Energy (DOE) Hydrogen Storage Engineering Center of Excellence
(HSECoE), 2009-2014, was established to evaluate the viability of material-based hydrogen storage for
light duty vehicles. The HSECoE concluded that there were no metal hydrides that simultaneously met
the DOE targets for gravimetric and volumetric capacity, and rate of onboard refueling. However, it was
noted by the DOE that potential applications existed for stationary hydrogen storage systems.

An application of particular interest is using a metal-hydride to store a hydrogen supply for fuel cell
backup power to a 5 MWe data center. A generalized numerical model that coupled mass and energy
conservation, chemical kinetics and thermodynamics was developed to simulate the discharge process for
a given metal-hydride. The model was applied to an interstitial and a complex metal-hydride. It was
found that the interstitial metal-hydride, which is discharged by a pressure swing is preferrable in a
practical sense to the complex metal-hydride, which requires a temperature swing discharge process.
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1. Introduction

The goal of this study was to evaluate the ability of metal-hydride based bulk hydrogen storage to support
stationary applications. This was accomplished via the development and application of a numerical
model that related the metal-hydride properties to the operation of the storage system. As a specific test
case, the model was applied to a storage system that supplied hydrogen to a 5 MWe backup power fuel
cell for a hyperscale computing data center. Although used for a specific case, model was sufficiently
general to apply to any metal-hydride. However, the model required that metal hydride was characterized
with respect to capacity and chemical kinetics (or isotherms) over a range of temperatures and hydrogen
loadings. Unfortunately, there is a paucity of adequate data for metal-hydride chemical kinetics and
thermodynamics in the literature.

The model was used to evaluated two commercially available metal hydrides each having sufficient data
for engineering quality analysis. One was an interstitial metal-hydride, (Ti0.97Zr0.03)1.1Cr1.6Mn0.4,
that was previously investigated for use in a hydrogen compressor. The other was the complex metal-
hydride, NasAlHg, which is a decomposition stage for NaAlH4 in the reaction:

3NaAIH, = NazAlHg + 2AL + 3H, = 3NaH + 3AL + 2 H,

The tetrahydride form was investigated for onboard hydrogen storage in light duty vehicles'2.

Calculations performed with the model showed the operational performance of the storage system. This
included the required size of the storage vessels, the mechanism needed to control discharge rate and
pressure, and the mass of metal-hydride. As material properties for other metal hydrides are obtained in
the future, the model can be used to perform screening calculations to identify those that are most suitable
with respect to the specifics of the storage system.

Models for material-based hydrogen storage, at various levels of sophistication, have been used to assess
the performance for a wide range applications and metal hydrides 346789101112, 13,14,15,16,17.18,19.20.21.22.
Beyond basic system performance, modeling studies have investigated optimization of components and
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operating schemes*?*%°_ All of these models were system specific and not suitable for engineering
assessment and design for the data center hydrogen storage system.

2. Model Description

A schematic of a metal hydride based hydrogen storage system that supports a fuel cell backup power
supply for a data center is shown in Figure 1.

Differences in the mechanisms for hydrogen uptake and discharge for interstitial and the complex metal
hydrides requires separate modeling approaches. In the current work, the models for each of these classes
of metal hydrides was coded as an individual program. However, it would be straightforward to combine
the two models into a single computer program that could accommodate both interstitial metal hydrides
and those undergoing stoichiometric chemical reactions.

For both interstitial and complex metal hydrides, global models were used to simultaneously solve the
mass and energy conservation equations, together with expressions for chemical kinetics and
thermodynamics for the metal hydride. Metal hydride volume change with loading is also represented.
For very fast kinetics, the model can use an isotherm in place of a chemical kinetics expression.

The calculations estimate the metal hydride mass, the volume of the system, and the rate of heat transfer,
required to maintain constant temperature and mass flowrate during the discharge process. Parameters for
data center operation provided by NREL were used as input to the model. Additionally, it was assumed
that the fuel cell would require a hydrogen pressure above 6 bar, which was also part of the basis for
estimating the system volume and the rate of heat transfer to the system.

In this document, the total amount of hydrogen that can be recovered from the metal hydride by heating is
called dischargeable hydrogen. This excludes hydrogen bound to the products of the discharge reaction.
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Figure 1.  Schematic of a metal hydride based hydrogen storage system for suppling a fuel
cell. The subsystem outlined in red is used to store hydrogen for the startup phase
of a temperature swing system. Q is the heat transfer rate into vessel [W], which is
positive for heat transfer into the vessel.

2.1 Model for Interstitial Metal Hydrides

Interstitial metal hydrides store hydrogen as mono-hydrogen, H, via hydrogen bonds with transition
metals. Hydrogen storage in this class of metal hydrides is nonstoichiometric, so that the ratio of H atoms
to metal atoms is not a fixed value. This occurs because hydrogen bonding to the metal atoms allows H
atoms to occupy a range of positions in the metal lattice, leaving some sites unoccupied.

In this model, the interstitial metal hydride under consideration was (Ti0.97Zr0.03)1.1Cr1.6Mn0.4. This
metal hydride was selected because its kinetics properties were reasonable and known. However, it is
recognized that this metal hydride may be less than ideal for data center backup power support.

At ambient temperature (295.15 K), the equilibrium hydrogen pressure for (Ti0.97Zr0.03)1.1Cr1.6Mn0.4
is high, approximately 73 bar. Therefore, hydrogen discharge for this metal hydride was affected by a
pressure swing. This means that during discharge of the storage vessel, the hydrogen temperature was
held constant, in this case at room temperature, 295.15 K, while pressure was decreased.

2.2 Model for Complex Metal Hydrides

Complex metal hydrides undergo a chemical reaction in which hydrogen is bonded with significant
covalent character to a metal which is part of a molecular anion. Although the complex metal hydride
examined in this study is NasAlHs, the underlying model can be generalized to any metal hydride that
undergoes a stoichiometric chemical reaction that involves formation and breaking of covalent or ionic
bonds. As was the case for the interstitial metal hydride described in the previous section, NasAlHs was
selected because its chemical kinetics were reasonable for a hydrogen storage system and were well
characterized. However, it is again recognized that this metal hydride may be less than ideal for data
center backup power support.

At ambient temperature (295 K), the equilibrium hydrogen pressure of NasAlHg is very low,
approximately 9.9 X 1078 bar. Therefore, hydrogen discharge was affected by a temperature swing.
Here, the hydrogen discharge pressure was quickly elevated to the required fuel cell pressure of 6 bar
from the equilibrium gas pressure at 295 K by increasing the temperature. Afterwards, the temperature
was adjusted to maintain the hydrogen pressure at 6 bar.

2.3 Model Formulation

The mathematical framework of the model generally has the same form for models of both the interstitial
and complex metal hydrides. Exceptions occur in expressions that depend specifically on the
mechanisms for hydrogen uptake because they are distinct between the two classes of metal hydrides.

2.3.1 Assumptions
The global model is for the interstitial metal hydride was based on the following assumptions:

1. The process is uniform over the volume of the bed. That is, there is no spatial dependence for
any properties or dependent variables.
a. Notably, the pressure is well approximated by as uniform within the metal-hydride
vessel. Although, a pressure gradient is needed to drive H, flow within the metal-hydride
vessel and out to the fuel cells it is small for the required hydrogen flowrate.

2. Heat transfer to the storage vessel is assumed to instantaneously result in a uniform temperature
distribution over the volume of the vessel.

Page 3 of 31



3. The metal hydride expands on uptake of hydrogen and contracts as hydrogen is discharged. The
total vessel volume, V' [m?], is constant and expansion is represented by a reduction of the void
volume in the vessel, which includes regions that are absent of particles, as well as interparticle
and intraparticle voids. In this sense, the void volume is the difference between the total interior
volume of the metal-hydride vessel and the crystal (or the alternatively termed skeletal) volume
of the metal hydride. For the non-spatially dependent model in this analysis this is a reasonable
way to approximate the system response to a change the metal hydride volume. The porosity of
metal-hydride in the vessel, €, at time t > 0 (seconds), is defined to be:

Void volume in the MH vessel

€= e(t) = Total internal volume of the MH vessel

It is assumed that ¢ is linearly dependent on the mass of dischargeable hydrogen in the solid
phase. This approximation represents the overall impact of changes in solid phase volume on the
available volume for gas phase Ha.

4. The uptake and discharge of hydrogen from the solid material is described either by chemical
kinetics or, if the processes are sufficiently rapid, by an isotherm. Both formulations relate the
hydrogen content of the solid phase to the temperature and pressure of the metal-hydride bed.

5. Real gas properties for hydrogen were obtained from NIST REFPROP?,

2.3.2 Mass Conservation of Hydrogen in the Gas Phase
The global mass conservation equation for gas phase H» in the metal-hydride vessel, is:

d(epyz) dp de . . :
V==V [5 — 2+ pu E] = Min = Moue + Muyn|Mu2Sh2 1
where: P2 = Mass density [kg/m?] of H2 as a function of temperature [K] and pressure [Pa]. V =

Total interior volume of the vessel containing the metal hydride [m?].
m;, = Mass flowrate of H; into the system [kg/sec].
My = Mass flowrate of H; out of the system [kg/sec].
My, = Molecular weight [kg/g-mol] of Ha.
Myp), = Mass [kg]of the unloaded metal hydride when all of the metal hydride is completely
converted to its discharged form (i.e., for the complex metal hydride NasAlHg this
would be the mass of NaH and Al).

In Eq. 1, Sy, is the molar rate of H, release from the metal hydride, per mass of unloaded metal hydride
(i.e., in solid reactant form). This term is defined as:

_ [ change in mols of H, ] 1 1 ds

Sy = _1
H2 (kg unloaded metal hydride) (sec) 2 Mpypylo dt

where:  Myylo = Molecular weight [kg/g-mol] of the unloaded metal hydride when all of the metal
hydride is completely converted to its discharged form.
s = The hydrogen loading in the metal hydride. Moles of dischargeable H in the solid

phase (H,) per mole of the unloaded metal hydride (i.e., in solid reactant form)
[ mol Hg
mol MH|,

reaction limited by chemical kinetics, the chemical composition of the metal
hydride.

_MHs

]. Note that s is a function of temperature, pressure and, in the case of a

NMH|

ngy. = Moles of dischargeable H in the solid phase [mol].

S
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Nyu|, = Moles of unloaded metal hydride when all of the metal hydride is completely
converted to its discharged form [mol].

Use the chain rule for derivatives to obtain:

dpuz(T,P) _ dpy, dT + dpy; AP 3
dt 4T dt ' dp dt
The porosity, &, in terms of s is:
e=¢g(s) = —V_mM:'OU(S) 4
where: v(s) = Crystal volume of solid phase (metal hydride phase) per mass of unloaded metal
hydride (i.e., the metal hydride with no hydrogen uptake) at H loading s.
m3
[kg of unloaded metal hydride]
So that,
de _  MuyH|y dvu(s) ds
at vV ds dt
The assumption of a linear relation between v(s) and s implies that:
_ [ 5=5¢ . _ . Upm—Uo _ .
v(s) = (SM_SO) (vm — Vo) + v = (5 — o) (SM_SO) + vy = (s —50)Dy + v 6
. _ UM —Vo
where: D, (—SM _So)
Sp= nHSlmL'n
0 NMH|
= Minimum moles of dischargeable H in solid phase per mole of the unloaded metal
hydride [ mol A ] at a specified reference state.
mol MH|y
R nHSlmax
M= NMH|
= Maximum moles of dischargeable H in solid phase per mole of the unloaded metal
hydride [ mol A ] at a specified reference state.
mol MH|y

Uo = Volume of solid phase (metal hydride phase) per mass of unloaded metal hydride at
m3
kg of unloaded metal hydride]

Uy = Volume of solid phase (metal hydride phase) per mass of unloaded metal hydride at

3
. m
H loading s [ ]
g5um> kg of unloaded metal hydride

H loading s, [

Hence, Eq. 5 becomes:

de _ MpmH|, ds

dat

v Ve

Substitute Egs. 2, 3 and 7 into Eq.1 to obtain

dpy, dT dpy, dP . .
V== 22 =y, — My — — =
ar ar + dp dt in out 2Myylo  dt PH2 G

Myu|gMu2 ds de

Here, ¢, is a function of hydrogen loading, s, in the metal hydride.

Eq. 8 applies to mass conservation of gas phase hydrogen for both complex and interstitial metal
hydrides. However, for complex metal hydrides, the bed expansion is modeled by writing:
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f= UM~V D, (M) = Fractional expansion of the metal hydride bed. 9

Vo Vo

From Egs. 6 and 9,

v(s)—[(sso)f+1]vo 10
Noting that, by definition,
MMH|p _ ((1=g))V _1-&

e = % )/V—UO 11
where: &= &(s=0)

= Porosity for unloaded metal hydride i.e., when all metal hydride is completely
discharged (i.e., in reactant form).

&y =

The loading dependent porosity, Eq. 4, is:

e(s)=1- %[(; S‘S’O)f + 1] Vg 12
So that,
a6 13

For complex metal hydrides, whose expansion is expressed by using the fractional bed expansion, Egs. 12
and 13, rather than Eqgs. 4, 6 and 7, are used in Eq. 8.

2.3.3 Reaction kinetics for the interstitial metal hydride ((Ti0.977r0.03)1.1Cr1.6Mn0.4)

For the interstitial metal-hydride, the chemical kinetics model, in terms of hydrogen loading, s, is:

as <MMH|0 U(g)) Cy exp (— %) In (ﬁ) (cHsM - CHS(S)) if P=Pq(T) y
N1 | ¢ e (<22 (F22) (o) = ctrom)  if P < Pog(T)
where Cy, Cy, ¢y s y,and cy s, are as described in Table 1 for (Ti0.97Zr0.03)1.1Cr1.6Mn0.4.
The equilibrium pressure, Pq(T), in Pa (1 bar = 100,000 Pa), is given by the van’t Hoff equation, and
using values from Table 1,

P,q(T) = 105exp (RT %) 15
where:

R =the ideal gas constant = 8.3145 [J/(mol-K)]

From Appendix A.1, ¢y (s) in Eq. 14, is:
cus(s) = y 16

Mpyplo [Dy(s=50)+vo]
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Table 1  Values of Constants Used in the (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 Kinetics Model*’
Parameter Description Value
Cy Uptake Arrhenius pre-multiplier (a parameter fit from data) [1/sec] 25.0 1/sec
Cyq Discharge Arrhenius pre-multiplier (a parameter fit from data) [1/sec] 15.5 1/sec
E, Uptake activation energy [J/mol] 21500 =—
mol
E4 Discharge activation energy [J/mol] 19000 =—
mol
CusMm Maximum concentration of H attained in solid phase' [mol/m*uid] 53465 mgl—H
Msolid
CHsm Minimum concentration of H attained in solid phase [mol/m?siid] 0 mgl—H
Msolid
AH Change in H; enthalpy for the van’t Hoff equation (a parameter fit from | 23400 -
data) [J/mol] mol
AS Change in H» entropy for the van’t Hoff equation (a parameter fit from 115 2=
data) [J/mol] mol

2.3.4 Reaction kinetics for the complex metal hydride (NasAlHg)

For the complex metal-hydride, the chemical kinetics model, in terms of hydrogen loading, s, is:

d 1 3Cuu(s)(1-e())]X28 |
d_i = 125(T,P) [nmmo] [ - Cet(lv )] if P <Peqz(T) and nyg,aimg 2 0
where:

7,5(T,P) = neqvAZB exp [—

Ceqv

Ez_B] Peq2(T)—P
RT 1| Peq2(T)

form [mol/m?]

= Concentration of metal hydride when fully converted from metal to the hydrated

and x,g,A,p, and E,p are as described in Table 2 for NasAlH¢. The equilibrium pressure, in Pa, is given
by the van’t Hoff equation, Eq. 15, using values from Table 2.

From Appendix A.2:

(1-¢&g)

S
Cun (s) = 3 CMH|0 (1-&(s)

1 The maximum solid phase H concentration is based on a reported 1.7% weight fraction’’
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Table 2 Values of Constants Used in the Na3;AlH¢ Kinetics Model'

Parameter Description of Parameter Value
Ayp Discharge Rate Constant for Reaction 2 [1/sec] [600 [1/sec]
Esp Discharge Activation Energy for Reaction 2 110 [kJ/mol]
[kJ/mol]
X2B Exponent for Reaction 2 1
AH, Change in H» enthalpy for the van’t Hoff -51,133.95 [J/mol]
equation (a parameter fit from data) [J/mol]
AS, Change in H» enthalpy for the van’t Hoff -134.86 [J/mol]
equation (a parameter fit from data) [J/mol]
AH 4, 2 Heat of Reaction for Reaction 2 [J/mol H;] -47000 [J/mol H;]

2.3.5 Energy Conservation for Metal Hydride Vessel

The energy conservation equations are applied to the vessel containing the metal hydride and its contents.
This system lies within a control volume that contains all components that respond to thermal processes
which result in hydrogen discharge from the metal hydride bed.

2.3.6 Energy conservation for the interstitial metal hydride ((Ti0.977r0.03)1.1Cri1.6Mn0.4)
The global energy conservation equation for the metal hydride vessel, including components lying within
the control volume that thermally respond to exchange processes applied to the bed, is:

oh dr oh dp
{V [(1 — &)pmuCpmu + €Pu2 5] +my G, v}a + eV [pHZ T 1] T
. AHpgy \ds | -
= tin (i = ) = Mg (53722 3o + 19

where: Cp mu = Specific heat of the metal hydride [J/kg-K].
Cpv» = Specific heat of vessel components [J/kg K].
h = Specific enthalpy [J/kg] of H in the gas phase as a function of temperature [K] and
pressure [Pa].
hi, = Specific enthalpy of H; entering the bed [J/kg].
AH,,, = Enthalpy of reaction (per mol of H, consumed) for formation of the metal hydride
[J/mol H,]. This means AH,.,,, < 0 for hydrogen uptake to form the metal hydride.
Q= Heat transfer rate into vessel (positive for heat transfer into vessel) [W].
2.3.7 Energy conservation for the complex metal hydride (NazAIHs)

{V [(1 =Pyt Pyan T Pa)Comn + €0y, %] +myCy V}Z_: +ev [szz_ﬁ - 1] %

. 1 d :
zmin(hin_h)_anHlo Aernd_i‘i'Q 20

Express pu; and pyqy in terms of py gy by using:

_ 2 Mnan 1-s(sm)) _
Pnan(s) =3 Myt [pMH(SM)( 1) ) PMH(S)] 21
and

M 1-e(spm)
par() = 12 [ puan (sar) (F502) = Pt (5)] 22

Eq. 19, together with Egs. 20 and 21, give the energy conservation equation for the complex metal
hydride.
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3. Results

The models for complex and interstitial metal hydrides were used to compute the size and performance of
hydrogen storage systems during the discharge. Although charging of the metal hydride base storage
systems was not addressed, the models are capable of performing those calculations.

The complex metal hydride model applied to asymptotically steady hydrogen pressure and mass flowrate
as given by Egs. 29 and 30 below. The driving property for this process was temperature. Hence,
hydrogen discharge for the complex metal hydride system was affected by a temperature swing.

The interstitial metal hydride model was applied to two discharge processes. Hydrogen discharge at
variable mass flowrate, taken from data, was investigated for the interstitial metal hydride, using a
pressure swing process.

All discharge models were assumed to initiate at a temperature of 295.15 K and the corresponding
equilibrium hydrogen pressure. Initially, the metal hydride is fully loaded with hydrogen and the gas
space pressure is the equilibrium pressure at the initial temperature. The model was used to calculate the
required mass and volume of metal hydride and the heat transfer rate required to maintain the specified
hydrogen discharge mass flowrate at the assumed fuel cell operating pressure of 6 bar.

3.1 Discharge for Steady Mass Flowrate

As a simulation for a backup power scenario, calculations were made for a hydrogen supply to 5 MWe
fuel cell for a period of 72 hours. From data supplied by NREL, a total of 22,500 kg of H; is required for
this operating scenario, resulting in a steady mass flowrate of 312.50 kg_H, /hr (0.0868 kg_H, /sec) for
72 hours.

3.1.1 Complex Metal Hydride (NasAlHs)

The equilibrium hydrogen pressure of the complex metal hydride Na;AlH; is approximately 9.9 x 1078
bar at an assumed ambient temperature of 295.15 K. For this complex metal hydride, hydrogen discharge
is affected by employing a temperature swing process that elevates the hydrogen pressure to the required
fuel cell pressure of 6 bar by increasing the temperature. In the model the temperature is increased by the
rate of heat transfer to the bed, Q. When a pressure of 6 bar is reached, the temperature is controlled to
keep the hydrogen pressure approximately constant during the discharge transient. Temperature and
pressure conditions during hydrogen discharge from NasAlH¢ were calculated by simultaneously solving
the conservation equations for hydrogen mass and system energy, Egs. 8 and 20, together with the rate of
uptake/discharge by the metal hydride, Eq. 14 using the Matlab® software 2. The coupled solution gives
T(t), P(t), and s(t).

In the model an estimate is made for the volume of the metal hydride bed and the mass of clean metal
hydride required to supply hydrogen to a prototypical data center for a backup power fuel cell.

During discharge, the rate of change in hydrogen loading in the metal hydride, g, is given by Eq. 17
Let,
Ampy, rotar = The total mass of stored hydrogen (H;) required to provide backup power to the data

center [kg].
Atrorq; = Duration of backup power [sec]

Then, if the load demand is constant over the time period that backup power is supplied, the full outlet
mass flowrate of H, from the storage system is:

. _ MygsTotal
Mout_futt =~ — = [kg/sec]. 23

During the discharge process there is no hydrogen feed to the storage system, so:
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my, =0 24
3.2 Estimate of Required Volume and Mass of Metal Hydride
The total mass of hydrogen discharged from the storage system is:

Amy; rotar = [SPH2|T1,P1,s1 - 5PH2|T2,P2,52]V

(Initial mass of H2 in gas phase)
—(Final mass of H2 in gas phase)

M M
+ [(1 — €0)CumH|, %51 — (1 = &o)emmy, %52] v 25

(Initial mass of H2 in solid phase)
—(Final mass of H2 in solid phase)

where: T, = Initial temperature [K].
T, = Final temperature [K].
P, = Initial pressure [Pa].
P, = Final pressure [Pa].
s, = Initial moles of dischargeable H in solid phase per mole of the unloaded metal

. mol H
hydride [mol MHIO]'

s, = Final moles of dischargeable H in solid phase per mole of the unloaded metal

. mol H
hydride [mol MHIO]'

Solve Eq. 25 for V to get an estimate of the required system volume.

A .
V= MH2 Total (Estimate of system volume) 26

M
[epu2|T1,p151—€PH2 |T2,P2,52]+(1—£0)CMH|O%[S1—52]

The corresponding moles of clean or unloaded (s = 0) metal hydride, nyy o, as defined above, is
|, = (1 — &)eyn),V  (Moles of unloaded metal hydride) 27

So that

(In the solid phase of unloaded metal hydride) 28

During the initial part of the hydrogen discharge, the temperature is rapidly increased from its initial value
to cause the hydrogen pressure to reach the 6 bar operating pressure of the fuel cell. To moderate the rate
of heat required to raise the bed temperature, the pressure is controlled to be a differentiable step, given
by Eq. 29.

P(t) = Pog(To) + 2 (Prinar = Peg (T0) ) (2 — 1) 29

where: a = Coefficient for which P(Atpress) = 0.95Prina
Ty = Initial temperature = 295 K.
Pfing = Final pressure [Pa]= 6 X 10°Pa or 6 bar
Atyress = Aninput value that specifies the interval of time [s] required for the pressure to

reach 95% of the final pressure of 6 bar.

In addition, the outflow of hydrogen from the storage vessel is controlled so that the pressure in the
storage vessel has sufficient time to approach 6 bar before the hydrogen outflow approaches the target
discharge rate, given by Eq. 23. The H, mass outflow rate is given by Eq. 30 and reaches approximately
98% of mout_fun at time Atp.,-ess.
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Mout (8) = Moye fun0.5 + 0.5tanh(0.05(t — 560))] 30

Assuming that H» discharge from the storage vessel begins at Aty.¢5s=600 s, the time-dependent
normalized pressure and the normalized discharge mass flowrate of H,, given by Egs. 29 and 30 are
shown in Figure 2.

1.1

-— - - - -
- - -
- -

09 1 -
08 | P(t)/Pfinal \ PR -

L r'd
07 4 e
06 4 ’
0.5 1 ./ /
04 1 ,’
03 1 , Moyt (£) /Moyt Fun
02 + 7
01 1 7
0.0

Fraction of Final Value
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Time (s)

Figure 2.  Normalized system pressure and discharge H> mass flowrate with discharge from

the storage vessel beginning at At,;...s= 600 s. The reference quantities are user

defined.

L . . . ar . .
For this discharge process, the mass conservation equation, Eq. 8, is solved for o with no inflow of Ha,

m;, = 0, using Eqs. 12 and 13.

Thoyt(t) _9pHLdP | f (1—g9) MMH|oMH2 ds
dT v 9P dt' 2SM £ ZSVMMHIQ dt

dt 9pH2 31
aT
Multiply Eq. 27 by My, to get:
MyH|, = (1- EO)CMH|0MMH|0V 32
Substitute Eq. 32 into Eq. 31 and rearrange terms:
c M s 1m
ar _ (meo)puagf T, (960 33
dt £0PH2 dt \ 9PHz
aT aT
The power supplied to the system, Q, is obtained from Eq. 20 with m;,, = 0.
B oh ar oh dp
Q= {V [(1 —&)(Pyy + Pray + Pa)Cpmu + €Ly, ﬁ] +m,C, ”}E + eV [szﬁ - 1] o
1 d
+ anHlo Aernd_i 34

P(t) and % are given by Eq. 29, % is obtained from Egs. 15, 17, and 18, and % is obtained from Eq. 31.
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System parameters for the discharge calculation are listed in Table 3.

Table 3 System Parameters for a NazAlHs Based Hydrogen Storage System for a SMW Data
Center for 72 Hours at Steady Discharge
Parameter Description Value
Mout_full Asymptotic Rate of Mass Discharge 0.0868 kg/sec
To Initial Temperature 295.15K
Py Initial (Equilibrium) Pressure 0.0098838 bar
Sm Initial Hydrogen Loading in metal-hydride 1.0 mol H/mol MH|,
Stored Mass of Dischargeable Hydrogen in metal- | 30,269 kg
hydride
% Volume of Metal Hydride Bed (including void 2,252 m?
volume)
Mph|, Mass of Discharged Metal Hydride 763,320 kg
Atpress Time required for the pressure to reach 95% of the | 600 sec
final pressure of 6 bar. H» discharge from the
storage vessel begins at this time.

Results from the model are shown in Figures 3-7. The plateau region for the NazAlHs isotherm at
295.15 K, which is a function of hydrogen loading in the metal hydride, is displayed in Figures 3-6.

Figure 3 shows the pressure transient described by Eq. 29. This is the total pressure incorporating the
normalized curve in Figure 2, in the model.

The temperature transient calculated by the model is shown in Figure 4. The rapid increase in the bed
temperature at the beginning of the discharge process is required to raise the equilibrium hydrogen
pressure to that given by Eq. 29. As the pressure approaches 6 bar, the limiting value, and hydrogen
discharge occurs by Eq. 30, the temperature remains constant at 426.2 K over the discharge period.

From Figure 5, the loading of hydrogen in the metal hydride decreases linearly over the duration of the
discharge process. For the quantity of metal hydride in Table 3, the remaining dischargeable hydrogen in
the metal hydride was s = 0.00254 [mol H/mol MH|,].

Figures 6 and 7 show the power required to raise the storage system pressure to 6 bar according to Eq. 32
and maintaining the mass discharge rate given by Eq. 30. During the initial part of the discharge process,
the power rises quickly to 39,719 kW then decreases to 2,035 kW as the system pressurizes and hydrogen
outflow is established. Figure 7 expands the time scale to show the heating power during the beginning
of the discharge process. It can be seen that raising the system temperature from 295.15 K to 462.2 K to
reach a pressure of 6 bar, requires a very large amount of power. As the temperature, and pressure levels
off, the power demand decreases even through the onset of hydrogen discharge. As the power decreases,
there is an inflection point in the curve that corresponds to the interval over which hydrogen discharge
begins and reaches to its steady value. Over the period of increasing hydrogen discharge, and a bit
beyond, the system pressure rises a small amount to reach its final value and the power resumes its
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decrease. Eventually, the heating power then becomes constant over the transient at a level principally
determined by the molar heat of reaction for hydrogen discharge from the metal hydride and the hydrogen
molar outflow rate. In addition to raising the equilibrium pressure, temperature also plays a role in the
chemical kinetics that govern the rate of hydrogen discharge from the metal hydride. For the metal
hydrides used as examples in this study, the kinetics are fast relative to the hydrogen discharge rate.
Hence, the system is maintained at equilibrium pressure throughout the transient.

6
5 .
SE Specified pressure transient:
& The coefficient a is chosen so that P is 95% of 6 bar at 10
; ;3 ] | minutes.
g
" P(t) = P,,(Ty) + 2[Priyya; — Pog (T, ——0.5]
(=N ) ®) eq( 0) [fmal eq( 0)] 1+exp(at)
1 .
I o B B S B B e
0 10 20 30 40 50 60 70 80
Time (hr)

Figure 3.  Pressure transient employed by the discharge model for a complex metal hydride.
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Figure 4.  Temperature transient for Hz discharge for the complex metal hydride. Note the
very rapid increase in temperature required to reach the operating pressure for the
fuel cell.

1.0

1 H/mol unloaded metal

.
=

Loading (mo
o]

=
=

Time (hr)

Figure 5.  Loading of dischargeable H in the complex metal hydride over the duration of the
discharge transient.
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Figure 6.  Heating power required to reach the pressure required by the fuel cell and maintain
the target discharge flowrate. The temperature of the entire bed must be raised to
the temperature shown in Figure 5 to produce the 6 bar pressure required by the fuel
cell. The initial part of the power profile is shown in Figure 7.
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Figure 7.  Initial part of heating power transient together with the mass outflow rate of Ho.
The power rises until the system is pressurized, then decreases after a pressure of 6
bar is reached. There is an inflection in the power curve as it is decreasing because
the onset of H» discharge requires additional power, which slows the rate of
decrease until pressure recovery occurs.
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3.2.1 Interstitial Metal Hydride (Ti0.977r0.03)1.1Cr1.6Mn0.4

The model for the interstitial metal hydride used the conservation equations for hydrogen mass and
system energy, Egs. 8 and 19, together with the rate of uptake/discharge by the metal hydride, Eq. 14,
were solved simultaneously using Matlab®?®, Solving the coupled system of equations gives T(t), P(t),
and s(t).

The equilibrium hydrogen pressure for (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 at ambient temperature
(Ty = 295.15 K) is approximately 73 bar. Therefore, hydrogen discharge is implemented by
depressurization of the storage vessel with the temperature held within a range about Ty,.

First, an estimate is made for the volume of the metal hydride bed and the mass of clean metal hydride
required to supply hydrogen to a prototypical data center for a backup power fuel cell.

During this event, the rate of change in hydrogen loading in the metal hydride, %,is given by Egs. 14-16

Let,

Amy, rotar = The total mass of stored hydrogen (H») required to provide backup power to the data
center [kg].

Atrorqr = Duration of backup power [sec]

Then, if the load demand is constant over the time that backup power is supplied, the outlet mass flowrate
of H, from the storage system is:

. m
Mgy = —a2rotal  [ko/sec]. 35
Atrotal

There is no hydrogen feed to the storage system during the discharge process. Hence,
my, =0 36

3.3 Estimate of Required Volume and Mass of Metal Hydride
The estimated mass of hydrogen discharged from the storage system is:

Amy; rotar = [5.01-12|T1,P1,s1 - 5.01-12|T2,P2,52]V
(Initial mass of H2 in gas phase)—(Final mass of H2 in gas phase)
M M
+ [(1 — &) PmMHo Mu2 sy — (1 — &) PMHo Mua 51] % 37
Mypylo 2 MyHlo 2
(Initial mass of H2 in solid phase)—(Final mass of H2 in solid phase)
where: T1= T2=T,
&= €e(s=0)

Puro= Puu(s =0)
Solve Eq. 37 for V to get an estimate of the required system volume.

AmH Total .
V= 2tole 7 (Estimate of system volume) 38
_ +(1-gg) PMH 0 HZ[ _
[EPH2|T1,P1,51 5PH2|T2,P2,52] €o Muml, 2 S2—51
0

The corresponding mass of clean or unloaded (s=0) metal hydride, m g o, is
Muypl, = (1 — €)pmu oV (Estimate of clean metal hydride mass) 39

Hydrogen discharge for this metal hydride system is implemented by depressurization of the storage
vessel with the temperature held at T,. This process is, thus, a true pressure swing hydrogen discharge
where the temperature is fixed. Discharge of hydrogen from the metal hydride is, however, an
endothermic process and requires the addition of heat to keep the bed temperature constant. For this
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process the required rate of heating power supplied to the system is based on solving Eq. 19 for Q and
setting % = 0 and m;;,, = 0. The control for heat addition is given by:

. AHypyn \ds . . ds
Touch + My, (zMMmO)E if (T < To— ATyp until T = To + ATyg,) and T <0

Q(T) =
0 if (T > To+ ATygn until T =Ty — ATyo)

where:  AT;,, = Low temperature setpoint offset [K] =3 K
AThigh = High temperature setpoint offset [K] = 0.5 K

Equations 7, 8 14-16, and 19 are solved simultaneously, with m;,, = 0, to give the transient pressure,
temperature and H loading for this discharge process. In Eqs. 7, 8 and 19, V and myy|, are obtained
from Eqs. 38 and 39.

System parameters for the discharge calculation are listed in Table 4.

Table 4  Parameters for a (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 Based Hydrogen Storage System for a
SMW Data Center for 72 Hours at Steady Discharge

Parameter Description Value
Mout_full Asymptotic Rate of Mass Discharge 0.0868 kg/sec
Ty Initial Temperature 295.15K
Py Initial (Equilibrium) Pressure 73.4 bar
Sy Initial Hydrogen Loading in metal-hydride 1.525 mol H/mol MH|,
Stored Mass of Dischargeable Hydrogen in metal- 20,582 kg
hydride *
%4 Volume of Metal Hydride Bed (including voids) 763.79 m*
Mup|, Mass of Clean (s = 0) Metal Hydride 2,361,000 kg
* Remaining mass of H, required to supply data center fuel cell is from pressurized gas in the gas

space, which includes regions of the vessel without metal hydride particles, as well as interparticle and
intraparticle voids within the metal hydride.

From Tables 3 and 4, the bed volume of volume of (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 is seen to be
approximately 1/3 that of NasAlHs. However, due to its much higher density, the required mass of
(Ti0.97Zr0.03)1.1Cr1.6Mn0.4 is 3 times that for NazAlHs.

Results from the (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 discharge model are shown in Figures 8-10. The plateau
region for the isotherm, which is a function of hydrogen loading in the metal hydride, is displayed in the
figures.

Figure 8 shows the pressure during the transient. Initially, when the system is at ambient temperature,
assumed to be 295.15 K, the pressure is 73.4 bar, the equilibrium value at that temperature. As thisisa
pressure swing discharge, the temperature remains constant. Because the temperature is constant for the
duration of the transient, the pressure remains at the equilibrium value until the hydrogen loading in the
metal hydride decreases to the point that the isotherm is no longer in the plateau region. Outside the
plateau region, the pressure decreases sharply as hydrogen discharge from the storage system continues.
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The loading of H in the metal hydride is shown in Figure 9 which shows a linear decrease until
approximately 65 hours. From 65 to 72 hours, the metal hydride is essentially depleted of dischargeable
hydrogen and the discharge is supplied by depressurization of the gas in the void space.

Figure 10 shows the power required to maintain the system at a temperature of 295.15 K. At the start of
the discharge process, the equilibrium pressure is 73.4 bar, which is far above the required fuel cell
pressure of 6 bar. During the discharge process the kinetics of hydrogen release from the metal hydride is
fast relative to the rate of hydrogen outflow from the system and so, as long as the hydrogen loading is
within the range of the isotherm plateau hydride for the metal hydride, the pressure remains at 73.4 bar.
Therefore, over the plateau region, the required power is approximately the product of the heat of reaction
and the molar rate of outflow, 2,056 kW. Once the hydrogen loading decreases below the plateau region,
the rate of hydrogen release from the metal hydride rapidly decreases, as does the rate of heating power
required to support the reaction enthalpy (heat of reaction).

Comparing Figure 10 with Figures 6 and 7, it can be seen that the heating power demand for the
interstitial and complex metal hydrides are nearly the same after approximately 0.3 hours. However,
during the initial part of the transient, the power required for the complex metal hydride rises to more than
19 times that of the interstitial metal hydride. The reason for this is that the higher equilibrium pressure
for the interstitial metal hydride does not require raising the system temperature to attain the 6 bar
pressure needed by the fuel cell.

80 +——— Equilibrium Pressure = 73 bar

Pressure (bar)
v e
=
L

—
=]
1

0 10 20 30 40 50 60 70 80
Time (hr)

Figure 8.  Pressure for interstitial metal hydride during pressure swing discharge process. The
equilibrium pressure of approximately 73.4 bar at 295.15 K is shown for
comparison with the pressure in the storage vessel.
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Figure 9.  Loading of dischargeable H in the interstitial metal hydride over the duration of the
discharge transient.
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Figure 10. Heating power required to maintain constant temperature over the duration of the
discharge transient for the interstitial metal hydride.

3.4 Discharge for Variable Mass Flowrate

The model results showed the interstitial metal hydride, (Ti0.97Zr0.03)1.1Cr1.6Mn0.4, to have a much
lower heating power demand in the initial part of the discharge transient, making it preferable from that
perspective. For evaluation in a technoeconomic analysis, a further examination of system performance
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using this metal hydride was made for variable fuel cell power output and, consequently, the system
hydrogen discharge rate.

Flow data for a time-varying rate of hydrogen supply for a 5 MW fuel cell (operated at variable, less than
full, power) over a 24 hour period, was taken from NREL data. The time-dependent flowrate is shown in
Figure 11. According to the NREL data, the total mass of hydrogen discharged to the fuel cell was 2,470
kg.

NREL Data

0.050
0.045 4
0.040 -
0.035 -~
0.030 -
0.025 -
0.020 -
0.015 -
0.010 -
0.005 -
0.000 +——————— g N

H, Discharge Rate (kg/s)

Time (hr)

Figure 11. NREL hydrogen flowrate data for a 5 MW data center operated at variable ( <5
MW) power.

The variable flowrate simulations evaluated the impact of limiting the power heating supplied by Eq. 40
to either 0.7 MW or 1.0 MW. These upper limits on the power took advantage of the high equilibrium
pressure for the interstitial metal hydride and allowed the temperature to drop while still maintaining the
pressure above the 6 bar fuel cell pressure. Variation in the hydrogen discharge rate permitted
temperature recovery during periods of lower flow demand. By taking advantage of the operating
characteristics of the fuel cell with respect to required hydrogen flow, the calculations demonstrate that
the storage system can operate with much lower maximum heating power.

Table 5 gives the parameters associated with the storage system and apples to both the 0.7 MW and the
1.0 MW maximum heating power limits.
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Table 5  Parameters for a (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 Based Hydrogen Storage System for a
SMW Data Center, Operating at Variable Reduced Power, for 24 Hours at the Time-
Dependent Discharge Rate in Figure 11

Parameter Value Value
Mout_full Initial Temperature 295.15K
Ty Initial (Equilibrium) Pressure 73.4 bar
P.q Initial Hydrogen Loading in 1.525 mol H/mol MH|,
metal-hydride (s)
Sy Mass of Hydrogen Discharged 2,470 kg
According to NREL Data
Stored Mass of Dischargeable 2,260 kg
Hydrogen in the metal-hydride *
|4 Volume of Metal Hydride Bed 83.86 m®
(including voids)
Mup|, Mass of Clean (s = 0) Metal 259,230 kg
Hydride
* Remaining mass of H, required to supply data center fuel cell is from pressurized gas in voids

within the metal hydride.

3.4.1 Maximum Heating Power Limited to 0.7 MW

Figures 12-15 display the results of storage system calculations for the hydrogen discharge rates in Figure
11, and heating power control given by Eq. 40, and with the maximum heating power limited to 0.7 MW.

With maximum heating power limited to 0.7 MW, the system pressure and temperature, shown in Figures
12 and 13, decrease and rise in correspondence with the discharge flowrate in Figure 11. Although the
heating power is supplied when the temperature decreases below 292.15 K, limiting the maximum value
to 0.7 MW is at times insufficient to return the temperature to the control interval. Temperature recovery
occurs when the discharge demand drops sufficiently that the rate of reaction enthalpy due to hydrogen
release from the metal hydride, coupled with enthalpy outflow, is less than the 0.7 MW limit.

Overall, the decrease in hydrogen loading in the metal hydride is approximately linear, save when there
are abrupt drops in the temperature in the neighborhood of 0.6 and 66 hours, see Figure 14.

The power transient, in Figure 15, shows the heating power to be low until the release of hydrogen from
the metal hydride causes the temperature to fall below the low setpoint at approximately 0.5 hours. The
heating power rapidly increases to its maximum value of 0.7 MW and remains there until the outflow rate
of hydrogen from the storage system decreases for a sufficient period of time for the temperature to reach
its upper setpoint. Afterwards, the heating power falls to zero MW at approximately 16 hours and remains
there until the hydrogen outflow rate again increases and the temperature drops below the lower setpoint.
After approximately 22 hours, the temperature reaches its upper setpoint and the heating power is reduced
to 0 MW. At this time, the hydrogen loading in the metal hydride approaches zero and the system
discharge rate is supplied by depressurization of hydrogen in the void space of the metal hydride.
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Figure 12.  System pressure for the 0.7 MW heating power limit.
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Figure 13.  System temperature for the 0.7 MW heating power limit.
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Figure 14. Loading of dischargeable H in the interstitial metal hydride over the duration of the
transient for the 0.7 MW heating power limit.
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Figure 15. Heating power due to control by Eq. 37 with the maximum heating power limited to
0.7 MW.

3.4.2 Maximum Heating Power Limited to 1.0 MW

Figures 16-19 display the results of storage system calculations for the hydrogen discharge rates in Figure
11, and power control given by Eq. 40, with the maximum heating power limited to 1.0 MW.

With maximum heating power limited to 1.0 MW, the system pressure, shown in Figure 16, remains
much closer to the equilibrium pressure of 73.4 bar at 295.15 K than the pressure for a maximum heating
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power limit of 0.7 MW, as shown in Figure 12. For the 1.0 MW heating power limit, the system pressure
and temperature shown in Figures 16 and 17, undergo a sequence of oscillations because the upper
setpoint temperature can readily be reached for the 1.0 MW heating power limit, which was not the case
for the 0.7 MW limit. Once the dischargeable hydrogen in the metal hydride is depleted at approximately
22 hours, the storage system discharges hydrogen by depressurization of the void volume in the metal
hydride and the system pressure decreases in a nearly linear manner, see Figures 16 and 17.

The heating power, in Figure 19, is supplied in a sequence of pulses, corresponding to the temperature
oscillations in Figure 17. These pulses, triggered by the temperature setpoints in Eq. 40, reach the

1.0 MW limit during the time intervals approximately lasting from 2 to 9 hours and from 19.5 to 21.5
hours. These time intervals correspond to periods of high hydrogen discharge rates in Figure 11.

80 = Equlibrium Pressure = 73 bar

70 A

Pressure (bar)
. PR
=
1

Time (hr)

Figure 16.  System pressure for the 1.0 MW heating power limit.
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Figure 17. System temperature for the 1.0 MW heating power limit.
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Figure 18. Dischargeable H load in the interstitial metal hydride over the duration of the
transient for the 1.0 MW heating power limit.

Page 25 of 31



1000 4 — N N_\
800-/ N /V
3 di
2 600 -
1
2 400 -
(=}
B 200 |
0+ U I s
200 b0 e e e b e b e b e b
0 5 10 15 20 25 30
Time (hr)

Figure 19. Heating power due to control by Eq. 40 with the maximum heating power limited to
1.0 MW.

4. Conclusions

Models developed for metal-hydride based hydrogen storage systems were used to display the
performance of two metal hydrides for a storage system that supported a fuel cell enabled backup power
supply for a 5 MW data center. In this study, the choices of metal hydrides for use in the models was
motivated principally by the availability of chemical thermodynamics and kinetics data for the materials.
Unfortunately, data suitable for engineering quality calculations is quite rare for the metal hydrides.
Notwithstanding, the models clearly showed how differences in metal hydride thermodynamics and
kinetics influence the operation of a hydrogen storage system.

Summarizing, the two metal hydrides investigated were a complex metal hydride, Na3;AlHs, and an
interstitial metal hydride, (Ti0.97Zr0.03)1.1Cr1.6Mn0.4. The former has a low equilibrium pressure at
ambient temperature (assumed to be 295.15 K) while the latter has a high equilibrium pressure.
Equilibrium pressure at ambient temperature is important in a practical sense because the hydrogen
storage system will be dormant until needed. During dormancy it is undesirable to expend energy to
maintain a large system at a temperature that differs from ambient conditions.

The complex metal hydride, Na;AlHe, must be heated to approximately 462 K to raise the hydrogen
pressure to 6 bar. In an attempt to keep the maximum heating power at a reasonable level, raising the
NasAlHg temperature from 295.15 K ambient to 462 K was allowed to take place over a period of 10
minutes. Even so, the peak power reached 39,719 kW.  Because of this, it would be necessary to have
available a short term supply of pressurized hydrogen to facilitate gas delivery during the initial part of
the Na3AlH¢ discharge process.

The interstitial metal hydride, (Ti0.97Zr0.03)1.1Cr1.6Mn0.4, has an equilibrium pressure of 73.4 bar at
ambient temperature and, thus, does not require the bed to undergo an initial heating process. Moreover,
heat delivery throughout the discharge process requires heat delivery at a temperature roughly on the
order of 300 K. This low quality (low temperature) heat can be obtained from a solar energy source or as
waste heat from other processes. The latter includes industrial operations or, after discharge has
progressed, waste heat from the fuel cells supplying backup power. In contrast to the complex metal
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hydride, there would be no need for an auxiliary pressure vessel to provide hydrogen during the initial
part of the discharge process.

For the steady discharge process the bed volume of volume of (Ti0.97Zr0.03)1.1Cr1.6Mn0.4 is
approximately 1/3 that of NasAlHs. However, the required mass of (T10.97Zr0.03)1.1Cr1.6Mn0.4 is 3
times that for NasAlHe because of its greater density. See Tables 3 and 4.

From the standpoint of storage system volume, the use of lower quality heat, lower maximum heating
power, and avoiding additional pressure vessels to augment the system during start-up,
(Ti0.97Zr0.03)1.1Cr1.6Mn0.4 is a more suitable metal hydride than NasAlHs. The generalization of this
statement is that it is preferable to use metal hydrides that have an equilibrium pressure, at ambient
temperature, that is high relative to the hydrogen pressure required by the fuel cell. The caveat is that
higher pressures require more massive and/or expensive storage vessels, fittings and piping. Therefore,
metal hydrides should be selected to have high, but reasonable, ambient temperature equilibrium
pressures. The decision as to what constitutes reasonable pressures is based on modeling the discharge
process and performing a technoeconomic evaluation to assign value to the trade-off between
performance and component costs.

Calculations for the variable hydrogen discharge rate taken from NREL data showed the effect of
controlling the heating power based on system temperature for (Ti0.97Zr0.03)1.1Cr1.6Mn0.4. Eq. 40
defines the very simple power control that was applied to the system. Maximum heating power limits of
0.7 MW and 1.0 MW were applied to the power control. Comparing Figures 15 and 19 shows that the
maximum heating power limit affects the rate of cycling between temperature setpoints for
straightforward reasons, with a higher maximum heating power resulting in more frequent cycling
between power on and power off. The calculations showed that for a functional storage system, the lower
bound for the maximum heating power depends on the history of the hydrogen discharge rate. The ability
to recover system temperature, and consequently pressure, for reduced maximum heating power requires
the hydrogen discharge rate to decrease to the point where more power is added by heating than lost by
the endothermic reaction for hydrogen release from the metal hydride (and to a lesser extent by enthalpy
loss associated with the mass outflow of hydrogen).

As noted in the Results Section, the thermal mass used to calculate the required heating power, was
restricted to the metal hydride and stored hydrogen. The heating of the storage vessel wall and other
system components, as will be required for an actual system, was neglected.

4.1 Future Work

In future work, the global models developed for this task could be extended to other metal hydrides that
are representative of higher gravimetric capacity with intermediate volumetric and desorption temperature
and pressure requirements.

The current effort consisted of development of global (lumped parameter) model for metal hydride-based
hydrogen storage systems. The model coupled mass and energy conservation equations with equations
describing chemical kinetics, chemical thermodynamics, and constitutive properties. In this global model
heat transferred to the system was instantaneously distributed over the entire volume. Hydrogen
depletion in the metal hydride was volumetrically uniform, as was the loading dependent porosity. These
results are inherent in global models and are suitable for the scoping evaluation of this study.

A more complete evaluation, suitable for system design, will require development and application of a 2
or 3D spatial model. In reality, the low thermal conductivity of metal hydrides will delay thermal energy
transport and govern the placement and proximity of heat transfer surfaces in the metal hydride bed, i.c.,
heat exchangers, vessel walls and internal structures?®3%3!, Spatial temperature distributions in the bed
will result in non-uniform decomposition rates and local hydrogen loading in the metal hydride. In turn,
the dependence of bed volume on hydrogen loading will result in a non-uniform distribution of bed
porosity. Thermal contact resistance between the metal hydride and heat transfer surfaces will play a role
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in the rate of heat transfer to the metal hydride. The multidimensional, time dependent model will
determine lags in thermal response, the amount of time required to transfer heat, requires distances
between heat transfer surfaces, local bed depletion, and general temporal spatial dependence.
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Appendix

A.I Derived expression for cy ().
By definition

CH s(S)mMH|OV(5) = S NymH|,

So that
S

CH S(S) = MMHlov(s)

Substitute from Eq. 6
S
Mo [(s=50) Dy+vo]

cus(s) =

A.2 Derived expression for Cpy(S).
The stoichiometric equation for thermal decomposition of NazAlHs is:

NagAlHg = 3NaH + AL+ H,

Therefore.
_ Anngzaing _ Anngn _ Ang _ Ana,
1 3 1 3

2

Let the initial concentration of NasAlHs, Cyy (s = 0), be 0. Then, from the expression above,

_ _|PNaH"MNaHo| _ _ | MH;"MHyo0 | _ (SO_S)(l/Z) MMH|o _3 ﬂ
Cun(s) = [ 3((1—3(5))) ] - [;((1—5(5)))] - [ 3 ]V(l—s(s}) ! Chanlg (1-e(s))

Note that Cpp, is the concentration of unloaded metal hydride in the storage vessel (i.e., the
concentration of (NaH + Al)) when the stoichiometric equation goes completely to the right. That is,

Cmmy,1s the concentration of reactants available to form the maximum amount of Na;AlHs within the
storage vessel.

2

The molecular weight of a stoichiometric mixture of NaH and Al is derived as:

Myan+ainnar+ar = Myamifvan + Mainag

where: Nygyia1= NnantNar

From the stoichiometric decomposition equation:
NNaH+Al = Mgl + Nap = 3N + 1y = 4y
So,

_ NNaH+Al

3
Ny and nygy = 2 WaH+Al

and

3 1
Myan+ar = 3 Myam + 7 Ma
with
Myn), = Myan+al
puu(s) = Mya,a, Cuu(s)

Multiply the expression for Cyp (s) by My, ain,
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(1_80) —_ EMNa3AlH6 (1_80)
(1-2()) ~ 3 Myau+ar Pl (1-e(s))

S
puu(s) = 3 Mya, A, CMH|0

Express pu; and pygp in terms of py by using the relations between moles of reactants and products
from the stoichiometric equation:

Pnau(s) =3 —Tnai_ [pMH (sm) (I_E(SM)) — PMH (5)]

MNasAlHg 1-¢(s)
and
__Ma 1-e(sm))
par() = 7 | o i) (T5257) = Pran (5]
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