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Abstract

The design and evaluation of media based hydrogen storage systems requires the
use of detailed numerical models and experimental studies, with significant amount of
time and monetary investment. Thus a scoping tool, referred to as the Acceptability
Envelope, was developed to screen preliminary candidate media and storage vessel
designs, identifying the range of chemical, physical and geometrical parameters for the
coupled media and storage vessel system that allow it to meet performance targets. The
model which underpins the analysis allows simplifying the storage system, thus resulting

in one input-one output scheme, by grouping of selected quantities.

Two cases have been analyzed and results are presented here. In the first
application the DOE technical targets (Year 2010, Year 2015 and Ultimate) are used to
determine the range of parameters required for the metal hydride media and storage

vessel. In the second case the most promising metal hydrides available are compared,
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highlighting the potential of storage systems, utilizing them, to achieve 40% of the 2010
DOE technical target. Results show that systems based on Li-Mg media have the best

potential to attain these performance targets.

1. Introduction

Hydrogen stored onboard a vehicle must be stored compactly and the mass of
media, vessel, heat transfer apparatus, etc. must be sufficiently low so as to make it
practical as an alternative fuel. In order to increase its volumetric energy density (which
is on the order of one third that of methane, at normal conditions), hydrogen can be stored
as a compressed gas, as a liquid or bound to a media that is capable of releasing the gas in
a nearly reversible manner. Compression requires high pressures, on the order of 350-
700 bar or higher, requiring a great amount of work [1,2]. In the case of liquefaction,
high gravimetric densities are achieved at low pressures, but the process is even more
expensive than pure compression due to the electric power required to cool the hydrogen
to sufficiently low temperatures (approximately 20 K at 1 bar) [1,3] and the issue of
continual boil with its reduction in efficiency must be addressed. The use of a media for
storage permits hydrogen to be stored at relatively low pressures compared to compressed
hydrogen storage, and requires far less electric power consumption than needed for

liquefaction.

Media used for vehicular hydrogen storage is conventionally divided into three

classes:
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1. Chemical hydrides that would be refueled off board a vehicle,

2. Adsorbents that require low (cryogenic) temperatures to retain an adequate

amount of hydrogen, and may be refueled on board,

3. Metal hydrides that undergo chemical reactions during charge and discharge

and may be refueled on board.

The behavior of the various storage media during charging and discharging of
hydrogen is quite complex, involving chemical kinetics or thermodynamics coupled with
mass, momentum and thermal transport processes. Moreover, there is significant
variation in the behavior among different storage media, even within a given class,
requiring storage vessel designs that are medium specific. The performance of a storage
system, therefore, is a coupling between the medium and the vessel. The evaluation and
design of such systems require the use of detailed numerical models and experimental
studies. As these efforts require a significant amount of time, it is important to have an
efficient numerical tool able to identify coupled media and storage system designs that
are most likely to meet target performance requirements, prior to engaging in more

detailed evaluations [4].

A large number of detailed numerical models have been developed to study and to
optimize different media-based storage systems [5-19]. However these models are
restricted to a specific storage media and vessel geometries, which include placement and
function of heat transfer elements. While useful for evaluation of particular storage
system designs, the analyses in the literature are not suitable for general systematic

assessment of storage vessel/media configurations against a set of performance targets.
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Adaptation of the models in the literature review to arbitrary media and vessel geometry
would be too time consuming for them to be of practical value as a screening tool. To
focus the development of detailed models on media and storage vessel configurations that
have the potential to satisfy performance criteria, a tool was developed to screen
candidate media and storage vessel designs. The screening tool identifies the range of
parameters for the coupled media and storage vessel system that allow it to meet
performance targets. The range of acceptable parameters forms a multi-dimensional
volume, or envelope. Hence, the screening tool is referred to as the Acceptability

Envelope Analysis.

In this document, the acceptability envelope is applied to metal hydride based
storage systems in two ways. In the first case, the DOE technical targets for Year 2010,
Year 2015 and the Ultimate targets [20] are considered to determine the range of
geometrical and chemical-physical parameters, which are not known a priori, required
for the coupled media and storage vessel. In the second application, the chemical and
physical characteristics of the most promising of the existing metal hydrides are input
(data of the problem) to acceptability envelope and some of the property values varied to
see how the performance of these materials might be enhanced to approach the current
DOE technical targets. In all cases the model is applied for different geometries and
operating conditions. Results from the model provide a rough but nevertheless realistic

idea about their potential to achieve a technical target equal to 40% of the DOE target.

2. The acceptability envelope physical model for metal hydrides
During charging, metal hydrides undergo exothermic chemical reactions that

release a significant amount of heat. Conversely, during discharge the reactions are

4
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endothermic. At a given pressure, the temperature of the hydride determines whether it
uptakes or releases hydrogen. Hence, heat transfer is the most important consideration in
the design of storage vessels for use with metal hydrides. Typically, heat transfer within
the storage vessel is accomplished either by packing the hydride between fins or around
tubes that contain a flowing heat transfer fluid. In both cases, heat transfer within the
hydride bed can be represented as a collection of periodic cells, in rectangular coordinate
(RC) or cylindrical coordinate (CC) geometry. The packed hydride is referred to as a
hydride bed, and it is through this packed bed that heat conduction to the heat transfer

surfaces must take place.

With increased compaction of the metal hydride, mass transfer limitations may
also play a role in the performance of the storage system. However, heat transfer, for this

paper, was assumed to be the sole dominant factor in meeting performance targets.

The thermal model, which is the basis of the acceptability envelope, employs the

following assumptions:

1. The process is steady-state, considering the hydrogen charging (discharging)

process during a specified time?.
2. The heat transfer process is one dimensional’.
3. The thermal conductivity is isotropic and constant within the bed.

4. Convective heat transfer due to hydrogen passing through the bed is

negligible®.

* Thermal inertia of the material has been assumed negligible, starting from a conservative
approach.

? The thermal flux in the other directions has been assumed negligible from a conservative point of
view.
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5. Mechanical work (i.e. compression or expansion) done to uptake (discharge)

hydrogen (related to the pressure variation) is negligible.

2.1. Rectangular coordinates geometry
In a storage vessel where the metal hydride is layered between fins to enhance
heat transfer a single cell can be represented in rectangular coordinates (RC) as shown in

Figure 1.
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Figure 1. Model in rectangular coordinates (RC) for hydride layered between
fins.

From assumptions 1-5 above, the hydride temperature is a function of x, i.e.
T=T(x), and the energy balance in the hydride is given by Equation 1. In this equation

m

the term q''" is the heat of reaction resulting from the charging (discharging) of

hydrogen, which is balanced by thermal conduction inside the bed.

d’T
dx?

k=5 +q"=0

(1)

* By this conservative approach the ‘worst’ case is considered, assuming negligible the convective
flow heat transfer.
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where: k = Thermal conductivity [W/m-°C]

q'"" = Volumetric heat source resulting from the heat of reaction during

hydrogen uptake or discharge [W/m’]

T = Temperature [°C]

The volumetric heat source in Equation 1 is given by:

AC.
m_ _ AH i
q Z "At

i

where: At = Interval of time [s]

AH; = Enthalpy of reaction for reaction i [J/(g-mol of H, consumed in

reaction 1)]

AC; = Moles of H, consumed by reaction i over the time interval At [mol

Hz/ 1’1’13]

In general the term AC,/At is obtained by integrating (over At) the instantaneous
rate of change, dC,/dt, which is determined by the reaction kinetics and depends on

temperature, pressure and species concentrations.

(2a)
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For complex hydrides (such as NaAlH,), characterized by a two (or more) step

charging (discharging) reaction, the term q''"' can be expressed by the simplified

Equation 2b rather than 2a.

A ride A
q'”: _AHoverall Cf = _AHoverall pHYd - mH2 (2b)
At M M At

Hyd_eff~""H2

where: AHoyveran = The overall enthalpy of reaction [J/(g-mol of H, for complete
reaction)], which accounts for all intermediate chemical reactions

between the initial and final form
AC¢= The total change in concentration in stored H, over At [mol Ho/m’]

Puyaice — Bulk density of the metal hydride in reference form [kg/m’]

M = Mass of hydride (in reference form) required to load target amount of

hydrogen in specified time (relates to kinetics) [kg]

M,;, = Molecular weight of H, [.002016 kg/g-mol]

Am,, = Mass of hydrogen stored in metal hydride in time interval At [kg]

The value of AHgyeran has been assumed constant with varying operating

temperatures and pressures.
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Two sets of boundary conditions have been considered for the integration of
Equation 1. The first one uses constant wall temperatures, equal to T, at x=0 and x=L,

see Equation 3.

T (x=0) = Ts

T (x=L) = Ts

Integrate Equation 1 for the boundary conditions given by Equation 3.

X(X—L)+T

T(X):_qﬂl 2k S

where: L = Characteristic length associated with spacing of heat transfer surfaces
[m]

The derivative dT/dx is:

dT __q,,,[zx—Lj”S

dx 2k

Thus, the maximum of T(x), equal to Ty,x, occurs for x=L/2. As a consequence,

one has:

2

— qan_ +T

max S
8

G)

4

)

(6)
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Substitute Equation 2b into Equation 6 and write the maximum temperature
difference as AT = Tpax — Ts. Then the maximum temperature difference inside the bed is

expressed as’:

; 2
AT _AH overall A_(:f L_ = _AH overall pHydnde Am H2 L_
At \ 8k MHyd_effMH2 At | 8k

The hydride bed temperature profile given by Equation 4 for steady-state

charging, with boundary conditions specified by Equation 3, is qualitatively shown in

Figure 2a.

Hydride bed

| -

A

X
Y

(@) (b)
Figure 2. Hydride bed temperature profile during charging for: (a): T(x=0) =
T(x=L) =T; ; (b): T(x =0)=T, and Z—T(x =1)=0.
X

> From here to the follow H, charging is considered, unless otherwise indicated.

10
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The second set of boundary conditions considered is: no heat flux at the wall at
x=L and constant temperature, T, at the other wall, x=0. Mathematically this is

expressed as:

T (x=0) = Ts (8)

dT/dx (x=L) = 0

Integrate Equation 1 for the boundary conditions given in Equation 8

x(x—2L)
TXx)=—q'"——+T 9
(x)=—q o . ©)
The derivative dT/dx is:
dT x—-L
o —_aM 10
w4 [ m j (10)

The maximum of T(x), equal to Tp.x, occurs at the zero heat flux boundary, x=L.

Hence, for the second set of boundary conditions:

2

T.. =q'”;—k+Ts (11)

11
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Substitute Equation 2b into Equation 11, then the maximum temperature

difference in the hydride, AT = Ty — Ts, is:

AC ? e A ?
AT =-AH overall : L_ = _AHoverall pHYd - e L_
At | 2k My My, At {2k

The hydride bed temperature profile given by Equation 9 for steady-state
charging, with boundary conditions specified by Equation 8, is qualitatively shown in

Figure 2b.

2.2.  Cylindrical coordinates geometry
A storage vessel which effects heat transfer via hydride packed around tubes can
be approximated as a collection of periodic cells. A heat transfer fluid with a controlled
inlet temperature passes through the tubes at given flowrate and exchanges heat with the
hydride. The representation of an individual cell is shown in Figure 3, in which the
hydride bed is located in the annular region between r; and r, and the temperature profile

is a function of r, i. e. T=T(r), under cylindrical coordinates (CC).

12

(12)
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Hydride bed

Figure 3. Model in cylindrical coordinates (CC) for hydride packed around a
tube (from 1} to 17)

For assumptions 1-5 in Section 3 the bed energy balance, in CC, is given by

Equation 13.

kli[rd—Tj +q'"'=0
rdr\ dr

The volumetric heat source,q'"", in Equation 13 is given by Equation 2b, as it was

for the RC form of the geometry.

As for the RC geometry, two sets of boundary conditions have been considered.
The first condition sees constant wall temperature, T, applied at r=r; and r=r, as given in

Equation 14.

T (r=r1) = T;

13

(13)

(14)
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T (r=r;) =T

Consequently, integrating Equation 13 gives the temperature T(r) as:

T(r):—i—krz +C, In(r)+C, (15)

Ciand C, are integration constants that are determined from the boundary conditions of

Equation 14. Thus:

q o
C, =2y—r 16
1 7/41(1 (16)

and

"

C,=T +3—kr12[1—2y In(r,)] (17)

N

where:

(rr] - (18)

Thus, from Equations 15-18, the hydride temperature profile, T(r), can be

expressed as follows:

14
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T(r) = %{rﬁﬁ +2y h{rlB _p? } +T, (19)

The derivative, dT/dr, of Equation 19 is:

dT q'” I.12
L U ) W E ™ 20
dr 4k{ 4 r } 20)

Setting dT/dr equal to zero gives the radial location, rma, of the maximum

temperature, Tpax.

r:rmax :rl\/7 (21)

As a consequence, Ty 1s given by:

T - %rf -y +2ym(Jy )|+, 22)

Substituting Equation 2b into Equation 22 gives the maximum temperature

difference, AT = Tpax — Ts, within the hydride as:

15
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AT = —AHOVQMI,(AT?][%J[I —y+ 271l |

p A ? *)
ride m r
=-AH . e ( = j(;j[l —Y+2y ln(\/?)]
My My, At )\ 4k
The second set of boundary conditions for the CC geometry corresponds to a
symmetry boundary condition at the outer wall. This set of boundary conditions assumes
a fixed temperature, T, at the inner wall and zero heat flux at the outer wall, as given in
Equations 24.
T(r=r) =Ts (24)
dT/dr (r=r;) =0
Integrating Equation 13 with the boundary conditions of Equations 24 gives:
q'" 2 r 2 2
T(r)=T,+=—|2r, In| — |-\r" —n, 25
<>b4k{zm( 1)} (25)
The derivative dT/dr is:
m 2
ar _q"\n_ _ r (26)
dr 2k r

16
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Setting dT/dr =0 gives the location, rmay, of the maximum temperature, Tpax,

which is r_, =r,. This is physically deducible considering the condition of no heat flux

at r =r,. Thus, Tpax 1s:

-1 (27)

max = N E 7/

Substituting Equation 2b into Equation 27 gives the maximum temperature

difference inside the bed, AT, as:

AT = -AH AC,
- overall At 4k (28)

— _AH pHydride AmHz
overall MHyd v MH2 A ¢ 4 k

2.3.  Application of the acceptability envelope

Generally speaking, Equations 7, 12, 23 and 28 have the same form and can be

written as a single equation:

17
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1|L? AC,
AT =7 A]_Iove'rall .
m| k At

2 (29)
1 L p ride Am
= _AHoverall A [ 12 j
m| k My oMy A

where: m= & for RC.

= 4 for CC.

L = Characteristic distance between heat transfer surfaces for RC geometry
with fixed temperatures at the inner and outer surfaces (L).
= Twice the distance between heat transfer surfaces for RC geometry

with the temperature fixed at the inner surface and adiabatic condition

at outer surface (2L).

= \/ 1 I_l + 2y ln(\/? )— yj for a CC geometry with fixed temperatures at

the inner and outer surfaces.

et

I —h
14

—1| for a CC geometry with the temperature fixed

at the inner surface and an adiabatic outer surface.

It must be emphasized that while L (Equation 29) is directly related to the

characteristic distance between heat transfer surfaces for a RC geometry, see Figure 1, it

18
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is a function of r, and r, for the CC geometry, see Figure 3. Even so, for all cases L

serves as a metric for the spacing of heat transfer surfaces.

Of the parameters in Equation 29 the temperature range, AT, requires a more
detailed explanation. AT ties the kinetics of the media to the performance of the storage

vessel and, hence, to the technical targets. An example of establishing AT may be had by
considering the reaction rates for NaAlH4+2%TiCl;x1/3AICI5+0.5%FeCl; [21], which
are shown as a function of temperature and pressure in Figure 4. This figure shows the
time required to charge 5.5 kg of hydrogen to the metal hydride, originally in the form of
NaH, which is maintained at the temperature indicated along the abscissa and the
pressure indicated along the ordinate axis. The combined temperatures and pressures that
allow 5.5 kg of hydrogen to be stored in 4.2 min are indicated by the solid curve in the
figure. The 4.2 min time used in the example is the charging time from the DOE 2010
technical targets and the 5.5 kg mass of stored hydrogen accounts for 5 kg required as
fuel to power the vehicle plus 10% more to be burned to heat the hydride bed so that
hydrogen is discharged at an adequate rate. More details on this study can be found in

[22].

Assuming the pressure is maintained at 150 bar, the charging rate of 4.2 min can
be had for a range of temperatures between 133 and 163 °C. This implies that a
temperature interval, AT=30°C, would permit charging the vessel in 4.2 min or less,
based on the hydride kinetics. Due to the lack of data for some media, analyzed in this
work, this temperature range is based on engineering judgment as the baseline value in

the acceptability envelope analysis. For the temperature interval, AT, the range of

19



coupled hydride parameters and spacing of heat transfer surfaces are determined so that

the storage system to meets the technical targets.
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Figure 4. Use of hydride kinetics (filling time) to establish the parameter AT.
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Equation 29 can be rearranged as:

kM .y AT

1

e

Table 1 gives the physical interpretation of the parameters in Equation 30.

Equation 30 shows the relationship among the system parameters, namely: the
characteristic spacing of heat transfer surfaces (L), the physical and chemical media

parameters (on the left side of Equation 30) and the charging rate (on the right side of

Equation 30).

AH overall p Hydride

J_

mM ,,,

(

Amy,,
At

20

170

Charging time (s)

900
840
780
720
660
600
540
480
420
360
300
240
180
120
60
0

(30)
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Table 1 Physical Interpretation of Parameters for Acceptability Envelope

L Measure of characteristic distance between heat transfer surfaces [m]

AT Temperature range for acceptable chemical kinetics (to give
charge/discharge rate of Amy,/At) [°C]

Mty eff Mass of hydride (in reference form) required to load target amount of
hydrogen in a specified amount of time (relates to kinetics) [kg]

AHoyeranl Overall heat of reaction [J/(g-mol of H, for complete reaction)]

Phydride Hydride density (in reference form) [kg/m’]

k Bed thermal conductivity [W/m-°C]

Amyp/At Required rate of charging/discharging [kg-H,/s]

In Figure 5 the parameter grouping,

[Lj kMHyd_fil‘f'AT (31)
Lz - AH overall p Hydride

from the left hand side of Equation 30, which is equal to (I/mM,,, (Am,, /At), is plotted

vs. Am,,, /At. In this graphical approach the relation between the parameters in Equation
30 is reduced to a one input-one output linear problem, with the ordinate variable giving
information about the “link” between the coupled geometric, physical and chemical

characteristics of the bed. The column labeled (1/ mM,,, )(AmH2 / At) in Table 2 gives the

values of the parameter grouping in Expression 31 corresponding to the three DOE

charging rate targets highlighted in Figure 5.

21
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Table 2 Hydrogen Charging Rates From the DOE Technical Targets
Target SGC* | At(min) | Amuy/At | (I/mM,, (Am,,, /At)
for 5 kg H, | (kg/s)
DOE 2010 0.045 | 4.2 0.0198 | 2.46 (CC)
1.23 (RC)
DOE 2015 0.055 |33 0.0253 | 3.13 (CC)
1.57 (RC)
DOE 0.075 |25 0.0333 | 4.13 (CC)
Ultimate 2.07 (RC)

*System Gravimetric Capacity (kguo/Kgoverall system)

5.0 ; | - 2.5

] DOE Ultimate F
4.0 A 20

52015
3.0 - DOE 2015

1.5
DOE 2010

2.0 - / - 1.0

1.0 '// 05

0_0 ‘|\ TT T T T T LI B B T TT 0_0

0.00 0.01 0.02 0.03 0.04
AmyalAt (kguals)

y Cylindrical coordinates (CC)
y Rectangular coordinates (RC)

Figure 5. Acceptability envelope for rectangular (RC) and cylindrical
coordinates (CC). The three DOE scenarios are shown in the

figure. The parameter y is equal to (lj( k My oy AT J

2
L - AHoverall pHydride

1 kM .y AT . . .
Once | — = is determined from Figure 5, the value of L can be
L - A]_[ove'mll pHydride

evaluated, being equal to

22
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L (M AT [ 1 J
- AI_Iuverall p Hydride Y

where: y= (I/mM,, JAm,, /At)

The sensitivity of L to the changes in the other quantities can be evaluated by

Equation 32. L variation (in terms of ratio between final and initial value of the quantity)
is proportional to the square root of the variation (ratio between final and initial value of
the quantity) of k, AT and Mpuyq efr, While is inversely proportional to the square root of
the variation (ratio between final and initial value) of pruydaricc and AHoyeran. Thus, for
instance, an increase of AT value of 50% relative to its initial value results in an increased

L value of approximately 22.5%.

3. Selected cases results and comments
The linear relationship, given by Equation 30, makes the acceptability envelope
tool very flexible and straightforward. Generally speaking, each parameter can be
assumed as unknown quantity to be evaluated. For the present paper the analysis is

applied in two ways.

First, the acceptability envelope is used to find the range of physical, chemical

and geometrical characteristics of the coupled media and vessel system so that it satisfies

23
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the DOE technical targets, which provide the parameter (Am,,/At) This application

highlights the potential of the tool to solve a “direct” problem analysis, in which the
features of the storage system are not known a priori and represent the output of the

problem.

In the second application, the acceptability envelope is used to analyze and
compare selected materials, given a determined target, and to show which media have the
best technical potential. In this case the material properties are assumed as known a
priori and the acceptability envelope tool is used to solve an “inverse problem”, assessing

the geometrical quantity which defines the coupled storage system for a given target.

3.1. DOE technical target analysis: dependence of L on density,
thermal conductivity and heat of reaction

The first application, which is based on the DOE technical targets, uses the
quantity Amy/At as the only datum (constraint) of the problem, with L being the
unknown quantity (both for CC and RC). The other parameters involved in the problem
are: m and My, which are constants and k, AT, AHoverall, PHydride ad Mpyq efr, Which are
degrees of freedom. Here, values of AT and Myyq ofr are assumed beforehand. The value

of Myyq ofr can be determined by noting that:

(Am,,, / At)
wi / At

M Hyd eff —

where wf = hydride gravimetric capacity, expressed as [kgHz/kgHydride]6.

8 wf refers to the bed hydride material, hereafter, without considering the overall storage systems
(i.e. BOP equipment, auxiliaries, etc)

24

(33)



SRNL-TR-2011-00211

In general wf is a property of the media. For the present case, the material
properties are not known a priori, but the overall system gravimetric capacity (SGC)
value is known from the DOE target specifications. Thus the value of wf can be assessed
indirectly assuming data relative to the ratio between hydride weight and overall system
weight from literature, experiments, or other sources [21], with the assumed values
reported in Table 3. Consequently Mpyq fr (Table 3) can be evaluated with Amy, and At

values from Table 2.

Table 3 Values of My, .4 for the Technical Targets
Target SGC | Hydride weight/System wf Muya_efr [kg] for S kg of
weight H,
DOE 2010 0.045 | 0.5* 0.086 | 58.1 (At =4.2 min)
DOE 2015 0.055 | 0.55** 0.100 | 50.0 (At= 3.3 min)
DOE 0.075 | 0.60** 0.125 | 40.0 (At = 2.5 min)
Ultimate
* From [16]

ok Based on engineering judgment and anticipated improvements

The value of AT has been assumed equal to 30 °C, based upon the discussion in

Section 3.3.

Given the assumptions described above, selected parametric analyses for all the
degrees of freedom of the problem were carried out with Mpuyq cfr preliminary determined
as described above for each of the technical targets. The thermal conductivity was
allowed to range from 0.1 W/m-°C to 5 W/m-°C, the bed density ranged from 720 kg/m?

to 8000 kg/m?, and the enthalpy of reaction ranged from 15 kJ/mol H; to 70 kJ/mol H,.

Results obtained for the DOE 2010 year target, for both CC and RC coordinates,

are shown in Figures 6 and 7.
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Figure 7.
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L vs heat of reaction
(DOE 2010, AT= 30 °C, pyyarige= 720 kg/m?)
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L profiles for the DOE 2010 technical targets in rectangular (RC)
and cylindrical (CC) coordinates. The heat of reaction and hydride
thermal conductivity were allowed to vary, while the bed density
was fixed at 720kg/m3 and AT=30°C, with Myyq ofr value reported
in Table 3.

L vs heat of reaction
(DOE 2010, AT= 30 °C, k= 0.5 W/m°C)
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L profiles for the 2010 DOE technical targets in rectangular (RC)
and cylindrical (CC) coordinates. The heat of reaction and hydride
bulk density were allowed to vary, while the bed thermal
conductivity was fixed at 0.5 W/m-°C and AT=30°C, with Myyq efr
value reported in Table 3.
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Profiles for the DOE 2015 and DOE Ultimate targets, evaluated with the
quantities reported in Table 2 and 3, are qualitatively the same of the DOE 2010 profiles

shown in Figure 6 and 7.

However, moving from the DOE 2010 target, to the DOE 2015 target, requires in

a reduction in charging time of more than 21% and an increase in the wf value of
approximately 14%. To accommodate this, the value of L must decrease ~18%. For the

DOE Ultimate target, the charging time is reduced by more than 40% and the wf value is

increased of approximately 31% relative to the DOE 2010 target, requiring a
corresponding decrease of more than 36% in L. As noted above, for RC geometries L is
simply the characteristic distance between heat transfer surfaces (or twice the distance),
however, for cylindrical geometries L is a function of r; and r; (or ry/r;). Once L is

determined for a CC geometry, specifying either r; or r, allows calculation of the

undetermined radius via the relation L = \/ 7 1+ 2y ln(\/? )— yJ for temperatures fixed at

both surfaces, or the relation L = (r22 -’ —1| for the temperature fixed at the

inner surface and an adiabatic outer surface.

3.2. Comparison among selected materials
The acceptability envelope tool was also used to analyze and compare the
potential of different materials given a determined target. For the present analysis the

target was assumed equal to 40% of the 2010 DOE technical specifications. Thus, the
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SGC value is approximately 1.8%, At is equal to 630 s, Amy,/At is equal to 0.00794 kg/s
and y value, with reference to Figure 5, is approximately 1 for CC and 0.5 for RC. This
implies, being y inversely proportional to L?, that L value for the 40% of the 2010 DOE
target is approximately 55% higher than the 2010 DOE target value, fixing the other

quantities.

Taking Equation 30 into account, for this analysis the data of the problem are:
Amypp/At and k, AT, AHoyerann (indicated as AH hereafter), puydriae (indicated as p hereafter)
and Mpyq o Which relates (directly and indirectly) to physical and chemical
characteristics of the material. The quantities m and My, are constants. Consequently L is

the only unknown quantity (both for CC and RC).

Due to the lack of data for some materials, the value of AT was assumed equal to
30°C as described at Section 3.37, unless otherwise indicated. The value of MHyd efr Was

assessed as indicated by Equation 33, with the specific material wf value.

Two different scenarios were selected for all the materials. The first, which is the
baseline case (BC) considers the unmodified, base powder medium as the constitutive
material of the hydrogen storage system. The second case (GA) sees the addition of
graphite (10% of the material weight) to the storage material so as to increase the overall

thermal conductivity.

Sensitivity analyses were conducted to evaluate the impact on system design of

uncertainties in the parameters that characterize the material. Specifically, an analysis

’ This is a conservative assumption, considering, for this case, the 40% of the 2010 DOE technical
targets.
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was performed over a range of thermal conductivities and charging times, about the
reference values, to evaluate the impact on the spacing of heat transfer surfaces. For BC
media the thermal conductivity varied from 0.2 to 1.2 W/m-°C, while for GA media it

ranged from 5 to 10 W/m-°C.

A charging rate that is 40% of the 2010 DOE target has been assumed. Given the
2010 target charging time of 4.3 minutes, meeting 40% of the charging rate implies a
charging time of 630 s. To bracket various charging rates, parametric analyses have been
carried for charging times varying from 250 to 2000 s. In this way, parameters can be
determined that allow the metal hydride and storage vessel to charge within 40% of the

DOE target rate.

3.2.1 NaAlH ; material

The acceptability envelope model has been applied to NaAlH4 material-based bed
with the hypotheses and features reported above. Reference values of density (720
kg/m?), heat of reaction (40 kJ/molH,), weight fraction wf (3%) and thermal conductivity
(0.3 W/m-°C) have been assumed based on data available from [21,23] for the baseline
case. Regarding the graphite added case, the data (density equal to 870 kg/m?, heat of
reaction assumed equal to the BC case, weight fraction equal to 2.7%, thermal
conductivity equal to 8.5 W/m-°C) have been taken from [24] and on the basis of

assumptions and evaluations [25].

Figures 8 shows the characteristic spacing of heat transfer surfaces for a NaAlHy
bed in rectangular coordinate geometry with the temperature fixed at both surfaces, for

both the NaAIH,4 - BC case (Figure 8 a) and the NaAlH, - GA case (Figure 8 b).
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(a) NaAlH, -BC charging
(RC, out wall fi}(ed T, wf=3%, AH=40k)/mol,p=720 kg/m?, AT=30°C)
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Figure 8. NaAlH; bed size profile vs charging time and thermal

conductivity for rectangular coordinates (RC) and wall fixed
temperatures considering the nominal, or baseline material (a) and
the graphite added material (b). L represents the distance between
the two heat transfer surfaces

Adding graphite to the base form NaAlH; material causes the thermal
conductivity to increase by more than one order of magnitude going from values on the
order of 0.3 — 0.8 W/m-°C to values on the order of 8 W/m-°C with correspondent
density decrease of approximately 20% and a decrease of wf of approximately 10%.
Consequently, as shown in the Figure 8, the value of L, when graphite is added to the

hydride, is approximately 3 times larger than for the unmodified NaAlH,.
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3.2.2 LiNH;:MgH, 1:1 material

The acceptability envelope model has been applied to a second material,
LiNH,:MgH, 1:1, assuming the same hypotheses and considerations in Section 4.2. For
the unmodified media the values of density (equal to 720 kg/m?), heat of reaction (equal
to 40 kJ/molH,), weight fraction wf (equal to 7%) and thermal conductivity (0.3 W/m-
°C) have been assumed based on recent evaluations and experimental activities [25]. For
the modified media in which graphite was added, the data are based on values for

modified NaAlH, case, but wf which is equal to 6.3%..

Figure 9 shows the characteristic spacing of heat transfer surfaces for a
LiNH;:MgH; 1:1 bed in rectangular coordinate geometry with the temperature fixed at
the two surfaces for both the LiNH,:MgH, 1:1 - BC case (Figure 9 a) and the

LiNH,:MgH; 1:1 - GA case (Figure 9 b).
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(a) LiNH,-MgH, 1:1 - BC charging
(RC, out wall fixed T, wf=7%, AH=40 kJ/mol,p=720 kg/m?, AT=30 °C)
T T T Ty

Charging time (s)

(b) LiNH,-MgH, 1:1 - GA charging
(RC, out wall fixed T, wf=6.3%, AH=40 kJ/mol,p=870 kg/m?, AT=30 °C)

T

Charging time (s)

Figure 9. LiNH;:MgH, 1:1 bed size profile vs charging time and thermal
conductivity for rectangular coordinates (RC) and wall fixed
temperatures, considering the nominal or baseline material (a) and
the graphite added material (b). L represents the distance between
the two heat transfer surfaces

Likewise the NaAlH4 case, adding graphite to the nominal LiNH,:MgH, 1:1
material leads to an increase of thermal conductivity of more than one order of magnitude
(from 0.3-0.8 W/m-°C to approximately 8 W/m-°C). The increased thermal conductivity
is accompanied by a density increase on the order of 20% and a decrease of wf value on
the order of 10%. Consequently, the value of L for the GA case increases by a factor of

approximately 3 relative to that for LiNH,:MgH, 1:1 - BC.
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3.2.3 LiNH;:MgH, 2:1 material

The acceptability envelope model has been applied to a third material,
LiNH,:MgH, 2:1, with the same considerations reported for the previous materials. In
particular, the value of heat of reaction (assumed equal to 40 kJ/molH, for both BC and
GA material) has been taken from [26], weight fraction wf (4.5% for BC material and
4.1% for GA material) from [27]. Thermal conductivity and density have been assumed
to have the same values (BC and GA materials) as those for NaAlH, materials. The
maximum temperature difference value within the hydride, AT, during the charging
process is based on data from Luo [27] and [25]. In this paper results for AT=45°C are
shown. However, temperature differences ranging from 40 to 50°C, for rectangular
coordinate geometries, were considered. Figure 10 shows the characteristic spacing of
heat transfer surfaces for a LiNH,:MgH; 2:1 bed in rectangular coordinate geometry with
the temperature fixed at both surfaces for the BC case (Figure 10 a) and the GA case

(Figure 10 b).
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(a) LiNH,-MgH, 2:1 - BC charging
(RC, out wall ﬁxedj, \!vf=4.5%, AH=40 ki/mol, p=720 kg/m?, AT=45°C)

o

Charging time (s)

(b) LiNH2-MgH2 2:1 - GA charging
(RC, out wall fixed T, wf=4.1%, AH=40 ki/mol, p=870 kg/m?, AT=45°C)

1,57
Charging time (s)

1,790 2,010

Figure 10. LiNH,:MgH, 2:1 bed size profile vs charging time and thermal
conductivity for rectangular coordinates (RC) and wall fixed
temperatures, considering the nominal or baseline material (a) and
the graphite added material (b). L represents the distance between
the two heat transfer surfaces

As for LiNH,;:MgH, 1:1, adding graphite to the nominal LiNH,:MgH, 2:1
material increases the thermal conductivity by more than one order of magnitude, from
values on the order of 0.3 — 0.8 W/m-°C to values on the order of 8.0 W/m-°C. The
increased thermal conductivity is accompanied by a density increase on the order of 20%
and a decrease of wf value on the order of 10%. Consequently, as shown in Figure 10, the
value of L for LiNH,:MgH, 2:1 - GA increases by a factor of approximately 3 relative to

that for LiNH,:MgH, 2:1 - BC.
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3.2.4 MgH; material

A fourth type of material, MgH,, has been taken into consideration and the
acceptability envelope model has been applied. Reference value of heat of reaction
(equal to 74 kJ/molH,) for the BC material has been taken from [28], weight fraction wf
for BC (7%) has been taken on the basis of data available from [29], based upon the
theoretical capacity equal to 7.6%. Thermal conductivity (equal to 0.2-0.3 W/m-°C) and
density (1450 kg/m®) for the unmodified media have been based on [30] and [31]. The
GA case values have been assumed following evaluations carried out for the previous
materials. Thus thermal conductivity has been assumed equal to 8.5 W/m-°C, heat of
reaction equal to the BC case and density and wf equal to 1520 kg/m* and 6.3%

respectively, considering the addition of 10 wt% of graphite to the nominal hydride.

Figures 11 shows profiles of the characteristic spacing of heat transfer surfaces for
a base case bed (Figure 11 a) and for a graphite added bed (Figure 11 b) for a rectangular

coordinate geometry having the temperature fixed at both surfaces.
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(a) MgH, - BC charging
(RC, out wall fixed T, wf=7%, AH=74kJ/mol,p=1450 kg/m?, AT=30°C)
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Figure 11. MgH; bed size profile vs charging time and thermal conductivity

for rectangular coordinates (RC) and wall fixed temperatures
considering the nominal or baseline material (a) and the graphite

added material (b). L represents the distance between the two heat
transfer surfaces.

As for LiNH,:MgH, 2:1, adding graphite to the nominal MgH, material was
assumed to increase the thermal conductivity by more than one order of magnitude. The
increased thermal conductivity is accompanied by a density increase on the order of 5%,
because of the high density of the nominal material. As a consequence the spacing of

heat transfer surfaces increases by a factor of 3 for the addition of 10 wt% of graphite.

The present model has been validated by comparison between data reported at

[32] and results available from the acceptability envelope applied to MgH,. The system
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analyzed in [32] shows a hydride tank made of MgH,, with natural expanded graphite
added at 5wt%, characterized by the properties described here below. Given the
temperature profiles available in the paper [32], a fixed temperature boundary condition
can be assumed realistic during the charging time. A hydrogen weight fraction, wf, equal
to approximately 5.2% can be reached in about 35 minutes (2100 s). The density of the
material is approximately 1100 kg/m’ [33] with a heat of reaction equal to 75 kJ/molH,
and a maximum temperature variation, AT, of the order of 18 °C. Thermal conductivity in
the radial direction (which is the prevailing heat transfer direction) has been estimated to
be equal to 4.2 W/m-°C and the value of L in the same radial direction is approximately
0.027 m [33]. Results from the acceptability envelope analysis shows L of the order of
0.027 m for wf equal to 6.3%, charging time equal to 2050 s and AT equal to 30 °C, k
equal to 5 W/m-°C, density equal to 1520 kg/m’ and heat of reaction of 74 kJ/molH,.
Considering Equation 32 and adopting the sensitivity rules reported at the end of Section
2.3, the acceptability envelope L value for the MgH, material and vessel coupled system
under the conditions of [32] is approximately 0.0254 m. Given the assumptions made to
set up the acceptability envelope model which start from a conservative point of view it is
possible to conclude that the value is in good agreement with that of [32] for the radial

direction.

3.2.5. Mg;NiH; material

The last type of material taken into consideration is Mg,Ni-H; or Mg,NiH4. The
reference values of heat of reaction (64.5 kJ/molH,) and weight fraction wf (3.6%) for the
baseline case have been taken from [34], based upon the theoretical capacity equal to

3.6%. Thermal conductivity (0.3 W/m-°C) and density (3500 kg/m?) for the baseline
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case have been assumed based on previous evaluations [25]. The GA case reference
values have been assumed in line with evaluations carried out for the previous materials.
As a consequence, heat of reaction value is the same of the BC material, while thermal
conductivity has been assumed equal to 8.5 W/m-°C and density and wf approximately

3370 kg/m? and 3.2% respectively.

Figure 12 shows the characteristic spacing of heat transfer surfaces for a Mg,NiH,
bed in rectangular coordinate geometry with the temperature fixed at both surfaces for the

BC case (Figure 12 a) and the GA case (Figure 12 b).

(a) Mg,NiH, - BC charging
(RC, out wall fixed T, wf=3.6%, AH=64.5 ki/mol, p=3500 kg/m?*, AT=30°C)

T - -

Charging time (s)

(b) Mg,NiH, - GA charging
(RC, out wall fixed T, wf=3.2%, AH=64.5 k)/mol, p=3400 kg/m?, AT=30°C)

555

690 919

AN 5

1130 1,350 4599
Charging time (s)

1790 3,010

Figure 12. Mg,NiH; bed size profile vs charging time and thermal
conductivity for rectangular coordinates (RC) and wall fixed
temperatures, considering the nominal or baseline material (a) and
the graphite added material (b). L represents the distance between
the two heat transfer surfaces
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Adding graphite to the nominal MgH, material increases the thermal conductivity
by approximately one order of magnitude. As a consequence the spacing of heat transfer
surfaces increases by a factor of 3 for the addition of 10 wt% of graphite. The increased
thermal conductivity is accompanied by a density decrease on the order of 4% and a
decrease in the weight fraction of stored hydrogen, wf, by approximately 10%, assuming

the density of nominal Mg,NiH, is approximately 3500 kg/m”.

3.2.6. Comments and comparisons

The characteristic spacing of heat transfer surfaces and the hydrogen storage
capacities for metal hydrides are compared in Figures 13 and 14, respectively. In Figure
13 the characteristic spacing, L, is for metal hydrides in RC geometry with fixed
temperatures at the heat transfer surfaces. The values of L shown in Figure 13 are for the

following conditions:

1. A thermal conductivity k of 0.7 W/m-°C was assumed for the BC media.
Although a nominal thermal conductivity of 0.3 W/m-°C was assumed for
the storage materials analyzed and compared in this paper, a value equal to
0.7 W/m-°C can be assumed to be achieved (based on reasonable future

improvements).

2. A value of 8.5 W/m-°C was assumed for thermal conductivity when
graphite was added to the media at 10% weight (GA). For this case, as
previously stated, the value has been assumed on the basis of activities

carried out by General Motors on NaAlH4 material [24].

39



SRNL-TR-2011-00211

3. Values of AT equal to 30 °C and 45 °C (for LiNH,-MgH, 2:1) were

selected in line with what reported at the previous paragraphs.

4. The filling time was assumed approximately equal to 40% of the DOE

2010 technical target (about 700 s).

As previously noted, the weight fraction, wf, used in the acceptability envelope is
defined as kguo/kghydride, Tather than the system gravimetric capacity (SGC), which is
defined as kguo/kg overall system- Thus, to compare the effective storage capacities of the
various media to the DOE technical targets, wf must be related to the system gravimetric
capacity. A relation between wf and SGC was developed based on data available in
literature [21]. From these sources it can be reasonably assumed that the ratio between
hydride weight and overall system weight has a value of 0.5, the same considered for the

DOE 2010 case, as reported in Table 3.

The system gravimetric capacity, SGC in percentage, is 1.8% at 40% of the
gravimetric capacity given for the 2010 DOE technical target. For the assumed value of
the ratio between hydride and system weight, the value of wf must be greater than or
equal to 0.036 (=0.018/0.5) to meet this target. Thus, the w{% target of 3.6 is used as the
goal in Figure 14. Such a figure shows percent weight fraction, wt%, values for both
unmodified (BC) and modified (GA, assuming the addition of 10 wt% graphite) cases.
The wif% loadings for each metal hydride in Figure 14 are based on a loading time

corresponding to 40% of the DOE 2010 loading rate required to store 5 kg of hydrogen.

Based upon engineering judgment the characteristic spacing of heat transfer
surfaces, L, for RC geometry and fixed temperatures at the heat transfer surfaces, must be

greater than 0.022-0.025 m for the assumed value of the ratio between hydride and
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system weight. Otherwise, for lower values of L, the value of the weight ratio between
hydride and overall system decreases below 0.5 and, consequently, the value of wf%
required to meet the DOE 2010 targets increases above 3.6. Values of L required for
metal hydrides to meet 40% of the 2010 DOE charging rate target, for RC geometry with

fixed temperatures at the heat transfer surfaces, are shown in Figure 13.

Based on the results shown in Figures 13 and 14, under the conditions set in the
present work, the most promising of the metal hydrides considered in this document,

seem to be those based on Li and Mg.

HBC EGA

L(m)

Figure 13. Characteristic spacing between heat transfer surfaces, L, in
rectangular coordinate geometry and fixed temperatures at the heat
transfer surfaces, required to meet 40% of the 2010 DOE loading
rate targets. Values of L are shown for the nominal, base case
(BC) metal hydrides and for metal hydrides with the addition of 10
wt% graphite (GA). Based on engineering judgment, L must be
greater than 0.022-0.025 m to meet the DOE technical targets.
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Figure 14. Weight fraction hydrogen storage, wf%, in terms of kgu»/kghydride
*100, for the nominal, base case (BC) metal hydrides, and for
metal hydrides with addition of 10 wt% graphite (GA). To meet
the 2010 DOE targets wf% must be greater than 3.6.

4. Conclusions

A general scoping methodology, called the Acceptability Envelope Analysis, was

developed to identify the range of parameters that allow a coupled media and storage

vessel system to meet performance targets.

The model, developed to carry out the analysis, reduced the system to a simple

one input-one output linear scheme, by parameter grouping. By this approach the bed

storage system model was made very flexible and straightforward and, in general, each

parameter could be assumed as the output of the model.

In this paper the acceptability envelope was developed for, and applied to, metal

hydride based storage systems to determine media and system parameters required to

meet determined technical targets.
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In particular, the acceptability envelope analysis was applied to two different
scenarios. In the first case, it was applied to metal hydride based storage systems to
determine media and system parameters required to meet the DOE technical targets for

Year 2010, Year 2015, and the DOE Ultimate targets.

In the second case, some of the properties of various candidate media were
assumed and the methodology was used to find the values of media parameters and heat
transfer surface spacing that permit a storage system to meet the DOE technical targets.
Additionally, the thermal conductivity (a media property) was increased via the addition
of graphite and the impact of this property modification on values of characteristic
parameters required for the storage system to meet the technical targets was examined. In
this case the acceptability envelope was used as a preliminary screening material tool,
giving an idea of the actual system size needed to reach the given targets. The analysis
showed that the addition of graphite to the base material allows an increase of the spacing
between heat transfer surfaces of approximately 3 times related to the nominal material
with noticeable improvements in term of system gravimetric capacity. On the other hand,
for all the materials, a reduction of wf on the order of 10% was observed. Consequently,
given the assumptions of the present work, among the selected materials, the Li-Mg
based ones showed the best potential to achieve the 40% of the 2010 DOE target in terms

of system gravimetric capacity.
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