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a b s t r a c t

Hydrogen storage remains as a major challenge to the future hydrogen economy. Among the existing
methods, pressurized containers are the closest to practical applications. However, their safety concerns,
stringent material requirements and high costs are difficult to fulfill simultaneously. Instead of single
ccepted 8 September 2008
vailable online 19 September 2008

eywords:
ydrogen storage
ressurized container
ulti-cell

chamber cylinders, multiple cell structures are proposed here. It is found that such structures offer not only
improved safety but also extra storage capacity. This may lead to the practical design and manufacturing
of compact hydrogen storage devices that are suitable for portable fuel cell applications, even without
employing costly materials.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The development of fuel cell technologies calls for safe, light-
eight and cost-effective hydrogen storage containers in order to

enerate environmentally friendly power for mobile or portable
pplications. As a key component of fuel cell systems, hydrogen
torage should meet the targets set by the US Department of Energy
DOE) of 62 kg m−3 volumetric density and 6.5% weight density,
hich are based on the current gasoline storage tank measure-
ents [1]. These numbers remain as the bottleneck toward the

ydrogen economy, since none of the existing technologies offer a
atisfactory answer. A closer examination of the available methods,
uch as pressurized vessels, liquefied hydrogen storage, physisorp-
ion, intercalation in metals and complex hydrides and storage
ased on chemical reactions, leads to the observation that, although
one of them are currently capable of reaching the US DOE targets,
ome of them are obviously more advantageous than the others and
re much closer to the practical applications [2].

For example, in the case of liquefied hydrogen [3], although it

ffers satisfactory densities, a cryogenic tank set at 21 K boils off
certain percent of its content daily, since the thermal insulation

s not perfect, which not only introduces a huge waste of energy
ut also produces a hazardous environment, in addition to the

arge amount of energy needed to liquefy the gas in the first place

∗ Corresponding author. Tel.: +1 905 525 9140; fax: +1 905 528 9295.
E-mail address: xugu@mcmaster.ca (G. Xu).
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4–6]. For the much studied physisorption and metal hydride sys-
ems, they are mainly based on van der Waals interactions between
he host and hydrogen molecules. While physisorption requires
ery large specific surface areas [7–10], the metal hydrides call for
he intercalation of hydrogen atoms into interstitial sites [11–13].
lthough they offer a higher volumetric density than the require-
ent, the weight density has been limited to a mere 1–2%, far below

he DOE target. Finally, complex hydrides only give off hydrogen at
levated temperatures [14–16], and the chemical reaction-based
ompounds are not directly reversible [17], despite their superior
ensities.

Therefore, pressurized containers are the only method left,
hich has been in operation on testing fuel cell vehicles all over

he world and remains as the closest to practical applications today.
ccording to the phase diagram of hydrogen [3], the volumet-
ic density is closely related to the pressure of the hydrogen gas,
hich is often set at above 700 atm, or 70 MPa. However, since

he current state-of-art design is usually based on single cells
f cylindrical form, such a high pressure raises safety concerns,
hen any small crack on the vessel devastates the surroundings.
oreover, their stringent material strength requirements, often

chieved by complex techniques involving winding carbon fiber
lus metal matrix, are not economically viable. It is therefore the
urpose of this paper to develop a better method, and hopefully

smarter structure, which will at least alleviate the stringent

equirements of the vessel materials. Such a small step forward
ay trigger large-scale progress toward the development of the

ydrogen economy, especially when the targets are not too far
head.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xugu@mcmaster.ca
dx.doi.org/10.1016/j.jpowsour.2008.09.030
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the benefit of using the shared walls, which is shown by a higher
gain at larger n numbers. This increase, however, is saturated at
about N = 29,701 (n = 100), due to the presence of “wasted materi-
als” between the cylindrical cells, which then cancels the gain at a
too high an n.
R. Du et al. / Journal of Powe

. Proposed method

Following straightforward mechanics, when the size of a cylin-
er shrinks, the stress loading on its wall is also reduced in
roportion, if a constant gas pressure is maintained inside the cylin-
rical vessel. In particular, we have the following relationship for
he thin wall containers [18]:

= Pr

�
(1)

here � is the tensile stress loading on the cylinder wall, P is the
as pressure and r and t are the radius and thickness of the con-
ainer, respectively. Thus, under the same yield strength of a certain

aterial, the maximum storage pressure can easily be tuned by the
eometry, i.e., the ratio of radius over thickness. Also, it is obvious
hat a thicker wall or a thinner cylinder allows for reduced mate-
ials strength, while a certain pressure is retained. To achieve the
equired capacity with thin cylinders, one may stack them up to
orm a multiple tubular bundle. In so doing, the potential hazard
an be minimized, since the amount of hydrogen released by one
racked tube out of a bundle is much reduced.

Another added benefit comes when spherical shaped cells are
ntroduced, since the stress load on the skin of a spherical cell is
nly half of that of a cylinder, i.e.:

= Pr

2�
(2)

here r and t are still the radius and wall thickness of the sphere.
his brings in a tremendous amount of saving in materials, which is
ighlighted by a “gain” in storage capacity, in terms of weight den-
ity and related volumetric density. One may argue that the very
gain” can simply be collected by a single spherical vessel. How-
ver, such geometry does not fit in most practical environments
which is why, under most circumstances, a single chamber cylin-
er, instead of a spherical vessel, is used). Therefore, it is beneficial
gain to stack-up smaller spheres, in order to achieve this gain. One
ast consideration in the scheme is possible additional materials
avings by the sharing of a “common wall” during the stack-up,
hich may be related to the process of removing extra materials

ound in between the tubes or spheres, due to the less than unity
lling factors.

Based on the arguments above, we will first introduce the “gain”
lot, to give a clear comparison between the new scheme and
he current technology and to highlight the improvement by extra
torage capacity versus that from single chamber cylinders, which
re assumed to be very long, with negligible amounts of end cap
aterials. Three testing geometries of multi-cells are considered:

ylinders, spheres and cubes (Section 3.1). Finite element analysis
FEA) of the loading stresses (represented by von Mises equivalent
tresses) is carried out to verify the three designs. To illustrate the
oint, our calculation is based on an easily accessible aluminum
lloy, which has a maximum tensile strength of about 450 MPa [19].
owever, the calculations are independent of the choice of mate-

ials (Section 3.2). Finally, further considerations and options are
iscussed (Section 3.3).

. Results and discussion

.1. The “gain” plot
To highlight the increase of hydrogen storage capacity created by
multi-cell structure, a “gain” plot is used to show the volumetric
ensity versus the weight density, traced out by varying pressure,
here the “gain” is simply judged by the comparison of the dis-

ances away from the origin for the various designs. This indicates
F
m

ces 185 (2008) 1322–1327 1323

he simultaneous maximization of both the volumetric and weight
ensities. To illustrate the point, the plot is based on a common alu-
inum alloy (type 2014), with a density of 2700 kg m−3 and tensile

trength of 450 MPa, whose more detailed properties are obtain-
ble from the Materials Handbook [19]. The temperature is fixed at
98.15 K, and pressure P varies from 0 to 600 MPa.

The volumetric density dv and gravimetric density dg of a multi-
ell structure are then calculated by

v = mgas

Vall
= �gasVgas

Vall
(3)

g = mgas

mall
= �gasVgas

�gasVgas + �containerVcontainer
(4)

here m, V and � are the mass, volume and density, respectively.
gas = mH2 P/RT(1 + kP) is the gas equation of compressed hydro-
en, modified from the ideal gas law, with R = 8.31 J mol−1 K−1 and
= 7.1 × 10−9 Pa−1. The volume of a single cylindrical cell is given by
gas = �r2l, where l is the length of the cylinder and N is the number
f cells. Under a fixed radius of a cylindrical cell, the wall thickness
is calculated from:

= Pr

� − 0.6P
(5)

hich is a modified version of Eq. (1), when taking into account
he finite wall thickness [18]. To maximize the “gain”, the materials
etween cells should be minimized as much as possible in order
o reduce the weight. Therefore, the cylindrical cells are stacked in
exagonal form, which leads to the calculation of the Vcontainer by

container = Vall − Vgas = 3
√

3
2

r2
outl − N�r2l (6)

here rout = (2n − 1)r + nt + 0.1547(r + t), with n being the number
f cell layers from the center and N being the total cell num-
er: N = 3n2 − 3n + 1. To begin with, the wall thickness t is shared
etween the neighboring cells, as calculated from Eq. (5).

Based on the above, the resulting “gain” plot is shown in
ig. 1. Under variable pressure, both the volumetric and gravimet-
ic densities first increase and then decrease. The maximum “gain”,
ompared with the single chamber design, is achieved when the
ressure reaches about 100 MPa (1000 atm), signified by the far-
hest point away from the origin of the plot. Fig. 1 also presents
ig. 1. Gain plot: volumetric and gravimetric densities of single cylinder versus
ulti-cylindrical cells.
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time, as shown in Fig. 6, the new design has a large drop in gains of
ig. 2. Gain plot: volumetric and gravimetric densities of single cylinder, single
phere and multi-spherical cells.

The same can be done to the multiple spherical cells. As men-
ioned above, the stress loading of a spherical cell is only half of
hat of a cylinder under the same pressure. Therefore, the volumet-
ic and gravimetric densities can be even higher. Using the same
cale, Fig. 2 shows the volumetric and gravimetric density curves
f a single sphere versus those of a stack of multiple spheres. Sur-
risingly, there is no benefit shown by the stacked spheres, which
ive even lower numbers than that of single chamber cylinders. A
loser examination reveals the cause, which is attributed to the
wasted” materials in between the spheres. Therefore, unless a
hollow” structure could easily be manufactured, such a scheme
oes not seem to be beneficial.

To improve the situation, one may use cubes instead of spheres.
ig. 3 shows the resulting volumetric and gravimetric densities of a
ingle cylinder and multiple cubes. It is now evident that the multi-
le cubic structures have much higher volumetric and gravimetric
ensities and thus a larger gain from the single chamber cylinder.
o strengthen the structure, the outer wall thickness is increased by
.5 times that of the inner wall, t, which is again calculated from Eq.
2). That is why the gain becomes negative for a small n. Between
= 4 and n = 125, there exists a “break-even point”, which means

he “saved” material inside is offsetting the “loss” from the extra

uter wall. After that, the gain increases with the cell number. At
= 106 and a pressure of 100 MPa, the volumetric density reaches
5 kg m−3, which offers a 15% increase from that of the single cham-
er cylinder. This is significant as the volumetric density is more

ig. 3. Gain plot: volumetric and gravimetric densities of single cylinder and multi-
ubes.

v
m
t

ig. 4. FEA result: von Mises stress of seven cylindrical cells with t* = Pr/� − 0.6P.

ifficult to improve than the weight density. As expected, the gain
ventually saturates at higher cell numbers.

.2. Finite element analysis of multi-cell structure

The gains obtained from multi-cell structures shown by Figs. 1–3
re mainly based on simple calculations of pressure–stress relations
Eqs. (1)–(5)). To further validate the design, we need to analyze the
etailed stress loading. This is done by FEA, using software systems
f ANSYS. To begin with, we examine seven multi-cylindrical cells,
rranged in a hexagonal shape as shown in Fig. 4. Based on the same
easures as those given in Section 3.1, viz., a much longer length

han the radius, a simple two-dimensional analysis becomes suf-
cient. Under an internal pressure loading of 100 MPa, as shown

n Fig. 4, the von Mises stress at certain areas becomes 50% higher
han the tensile strength of the material (450 MPa). This means the
esign would not be able to survive. To resolve the problem, as
hown in Fig. 5, we increase the inner wall thickness by 1.5 times
he original t and change the hexagonal outer shape to become cir-
ular. The resulting von Mises stress is now reduced to a similar
evel of the tensile strength of the material. However, in the mean-
olumetric and weight densities. Therefore, the gain illustrated by
ulti-cylindrical cells shown in Fig. 1 has to be achieved in prac-

ice by a higher strength material than the selected aluminum alloy.

Fig. 5. FEA result: von Mises stress of seven cylindrical cells with t = 1.5t*.
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storage is winding carbon fiber composite. The aerospace-grade
ig. 6. Gain plot: volumetric and weight densities of multi-cylindrical cells with
= 1.5t*.

urther attempts could be made to balance the gain and the maxi-
um stress loading by fine tuning the structures so that the stress

oading does not jeopardize the volumetric and gravimetric density
dvantage.

In the usual cases, it is fairly uncommon to have cubic or rectan-
ular pressure vessels because of their complex stress distribution.
here are not only membrane stresses but also bending stresses,
hich were non-significant in cylindrical or spherical forms. Worse

ff, the bending stress is sometimes 10 times larger than the mem-
rane stress. For this reason, stay bars were proposed to stabilize
he single cubic structure [20]. Our multi-cubic structure actually
esolves the problem in a better way, since the walls of inner cubes
re pressurized from both sides, so the bending stresses cancel
ach other out between the cubes. All that remains is for the outer
ubes to be strengthened by extra materials. In the simplest case,
s shown in Fig. 7, 27 cubes are stacked up, using the same thick-
ess calculated from Eq. (2), except for the outer wall, which has
.5 times the thickness. With slightly rounded corners and side
dges, and a loading pressure of 100 MPa, the FEA results are shown
n Figs. 8–10 for various cells. Overall, the maximum stress now
alls within the material strength of the chosen aluminum alloy. As

xpected for the inner cubes, the pressure acts on both sides of the
all, leading to a cancellation of the loading. For the outer cells,

hree cases are considered separately: (1) the cube in the center of
he outer surface; (2) the cube located at the middle of an edge; and
3) the one at the outer corner. Fig. 8 shows the von Mises stress of

Fig. 7. Illustration of the multi-cubic cell structure.

c
1
a
Q

ig. 8. FEA result: von Mises stress of the cube at the center of the outer layer.

he first case. The maximum stress is 449 MPa, which is less than the
aterials strength. Note that the maximum stress loading occurs

t the middle of the internal surface, in agreement with the theo-
etical calculation. Fig. 9 shows the stress distribution of the second
ase, in which two outer walls are thickened. The maximum stress
s still acceptable. Fig. 10 shows the stress distribution of the cube at
he corner, in which three outer walls of the cube are thickened. The

aximum stress is again within the limits. Therefore, the design is
uccessful with a sizable gain in storage densities.

.3. Discussion

Our analysis has been mainly based on the geometry (single to
ulti-cells) of the structures, which is obviously independent of the

hoice of materials. Although we have used a low-cost aluminum
lloy in the calculation, it is actually advantageous to employ bet-
er materials with higher tensile stress and lower weight, which
ill certainly enable us to achieve still better performance. For

xample, a commonly used material for pressurized hydrogen
arbon fiber has a tensile stress of 3500 MPa and a density of
500 kg m−3 [19]. With that material, the state-of-art performance
chieved by single chamber cylinders, such as that achieved by
uantum’s 10,000 psi (70 MPa) TriShieldTM tank, already gives a

Fig. 9. FEA result: von Mises stress of the cube at the edge of the outer layer.
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ig. 10. FEA result: von Mises stress of the cube at the corner of the outer layer.

pecific energy of 1.75 kWh kg−1, a short fall below the DOE 2010
arget of 2 kWh kg−1 [21]. Using our design, it is obvious that the
5% gain will easily fill the remaining gap. Taking the cost issue
nto account, the aluminum alloy becomes a good choice with a
easonable tensile strength, which also enables the development
f storage devices for portable applications.

Similar work can also be performed on other forms of multi-
ell configurations than the spherical and cubic, since the spherical
tructure offers low storage densities (as shown in Fig. 2), and the
ubic has non-uniform stress distribution. One example is the poly-
edron cell, which fills the space seamlessly (Fig. 11). This is called
he Kelvin structure [22], as shown by Fig. 12. It has six square facets
nd eight hexagon facets. The volume of a Kelvin cell is calculated
y 8

√
2a3, where a is the length of a straight edge. Obviously, it has

similar surface to volume ratio to that of a sphere, yet it involves
o wasted space or material during stacking. Thus, it is expected
o have a higher gain than the multi-spheres but with less un-even
tress distribution than the multi-cubes, combining the advantages
rom both structures.

In practice, there will be channels/holes connecting the cells
or the hydrogen gas to go through. The channels/holes should be
ocated at the face-center of the cubes, because, from Figs. 8–10, we

earn that the loading stress reaches a minimum there. The diam-
ter of the holes should be small enough in order not to affect the
trength of the structure [18] but large enough to allow the efficient
ransport of gas molecules. The latter can be judged by the mean

Fig. 11. Illustration of a Kelvin polyhedron cell.

r
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R

[

[
[
[

Fig. 12. Stacks of Kelvin polyhedron cells.

ree path of the gases. If the gas pressure is set at about 100 MPa
∼1000 atm), the mean free path, �, is only about a dozen nanome-
ers. The hole diameter, L, can then be chosen so that the Knudsen
umber (Kn = �/L) is small, to avoid the rare gas phenomenon [23]. If
ne cell is punctured or ruptured, due to the small connecting holes,
he gas in the remaining chambers will be released much more
lowly than that of a single chamber design. That offers improved
afety for the multiple cell structure. In the meantime, for a given
eight or volume of fuel tank and a given operating pressure, a
igher margin of safety over the yield point of the materials is
chieved.

. Conclusions

To find a better method of hydrogen storage, two types of multi-
ell structures for compressed hydrogen are analyzed here. While
he cylindrical multi-cell structure has some limitations, the cubic

ulti-cell structure offers a high amount of gain in storage capacity
sing the same materials. The multi-cell structures not only outper-
orm the single cylindrical structure but also offer an opportunity to
educe risks in portable fuel storage systems, which ensures a more
apid development of smart structures of pressurized hydrogen
torage.
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