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Abstract 

New, high strength glass microspheres filled with pressurized hydrogen exhibit densities 
which make them attractive for bulk hydrogen storage and transport. The membrane tensile 
stress at failure for our engineered glass microspheres is about 150,000 psi, permitting a three- 
fold increase in pressure limit and storage capacity above commercial microspheres, which 
have been studied a decade ago and have been shown to fail at membrane stresses of 50,000 
psi. Our analysis relating glass microspheres for hydrogen transport with infrastructure and 
economics, indicate that pressurized microspheres can be economically competitive with other 
forms of bulk rail and truck transport such as pressurized tube transports and liquid hydrogen 
trailers. 
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In t rod u c t io n 

Commercially produced glass microspheres were studied in the late 1970s for their application 
to storage of hydrogen (Teitel, 1981). These spheres, shown in Fig. 1, have diameters of 25 
to 200 pn and membrane thicknesses of approximately 1 to 20 pm. At elevated temperatures 
of 150 - 4OOOC the glass exhibits an increased permeability to hydrogen which permits the 
microspheres to be pressurized by immersion in high pressure hydrogen for a period of time. 
The hydrogen diffuses through the microsphere membranes, equilibrating the internal and 
external pressures and filling the spheres. Once filled, cooling the spheres to room 
temperature reduces the permeability trapping the hydrogen within the spheres. 

Microspheres can be handled in packed beds (Figure 2.). If a large bed of microspheres is 
filled in the above manor, it can be used as a hydrogen transport container. After transport 
and storage at room temperature, the hydrogen is released from the microspheres by reheating 
the bed to increase the permeability. The empty microspheres can then be cycled and refilled. 
Fill rate is a function of glass properties, permeating gas, temperature and pressure 
differential. 

The commercial spheres described above were usually made by spraying glass frits or gels 
into a furnace. Because this manufacturing process resulted in defects in the sphere geometry 
and material defects in the membrane, the membrane's biaxial tensile stress at failure (burst) 
for the commercial microspheres was limited to about 50,000 psi. Because LLNL's Laser 
Fusion Program had need for glass microspheres made under much more controlled 
conditions, a method of microsphere production wasdeveloped which resulted in defect-free 
microspheres. All microspheres produced from this method have diameters that fall within a 
few-micron band and can be treated as a monodispersion. A key distinction of this new 
process is the absence of membrane or geometric defects, which raises the biaxial tensile 
stress at failure of the engineered microspheres to about 150,000 psi, and permits a three-fold 
increase in pressure limit for microspheres having the same dimensions and materials as the 
commercial ones. Further improvements in the microsphere process should significantly 
increase the failure strength of glass microspheres above 150,000 psi, enabling an increase in 
mass fraction and bed density while decreasing fill times. 

Considering glass microspheres which are currently possible to produce, a bed of 50-pm- 
diameter engineered microspheres with 1.1-pm-thick membranes and 150,000 psi failure 
stress, containing hydrogen at 9000 psi with a 1.5 safety factor, could exhibit a hydrogen 
mass fraction of 10% and a hydrogen bed density of 20 kg,4m3. A comparison of glass 
microspheres to conventional pressure vessels and liquid hydrogen is shown in Figure 3. 

A safety factor of 1.5 is reasonable because a bed of 50-pm diameter microspheres would 
have a number density of 10'/cm3. A failure of the primary container holding the spheres or a 
failure of any spheres themselves will not result in the propagation of a failure through the 
rest of the bed. Also, since a large bed of microspheres represents the subdivision of a 
pressure container, and its PV energy into individual pressure vessels with volumes less than 
.01 mm', it is possible for the pressure safety limit for transporting hydrogen to be several 
times greater than it is today for conventional pressurized transport vessels. 



Background 

The key intrinsic properties that are relevant to hydrogen storage in glass microspheres fall 
into two categories. First are those related to the gravimetric and volumetric hydrogen 
capacities, and second are those related to the energy and time required to fill and release 
hydrogen. Our current understanding of all these parameters for high-strength glass 
microspheres is based on semi-empirical expressions developed early in the 1970s for laser 
fusion targets (Woerner, Weinstein, Moen, and Rittman, 1979). In the Laser Fusion Program, 
a single microsphere would be assembled into a target after being filled with the hydrogen 
isotopes, deuterium and tritium. Since the fill process for laser fusion applications was done 
on single microspheres, the heat supplied to raise the glass temperature and the time used to 
fill the spheres were both much greater than the minimum necessary to do the job. For large 
beds of microspheres to be used in economic transport and storage of hydrogen, it will be 
neceSSary to use as little fill energy and time as possible. 

Storage Capacity 

As in any pressure vessel, the storage capacity of a microsphere is limited by the burst 
pressure of the container and an applied safety factor. The burst pressure of the sphere ( Pb) 
is given by: 

where a,,,, is the biaxial tensile (hoop) stress iri the sphere membrane at failure, Ar is the 
membrane thickness and I) is the sphere outer diameter. Figs. 4 and 5 show the mass fraction 
of hydrogen and the volumetric density of hydrogen that can be stored in a bed of 50-pm 
diameter microspheres with a safety factor of 1.5. These figures only consider the m a s  and 
volume of the hydrogen and sphere bed, and exclude the mass and volume of any external 
container. 

In Fig. 4, it can be seen that high-strength, glass microsphere beds can offer hydrogen mass 
&actions greater than 12% at internal pressures of 3600 psi and greater than 10% at 9000 psi. 
Fig. 5 illustrates the fact that the property that limits glass microsphere applications for 
on-board vehicle storage is the volumetric density. The packing fraction considered here is 
63%, which is reasonable for beds of monodisperse spheres. Even at internal pressures of 
9000 psi, the hydrogen density in the bed is about 20 kgH2/m3. A very efficient piston-engine 
or fuel-cell hybrid, hydrogen-fueled vehicle may require3 - 5 kg of hydrogen on board for 
approximately 480 km, which, at 9000 psi, would require a bed volume of loaded spheres of 
150 - 250 liters (39 - 66 gallons). In addition to the volume of charged spheres, more volume 
would be taken up on a vehicle for storage of discharged spheres and for heat exchangers and 
other processing equipment, making the volume too great for practical use on a light duty 
vehicle. 

When considering bulk transport of hydrogen, such as by truck or rail car, the heat 
exchangers and other processing equipment can be located at the end points of the transport - 
lines. The truck trailer or rail car need only provide containment for the charged spheres and 



a small blanket pressure of hydrogen. As in both pressure-vessel or liquid hydrogen transport, 
the discharged microspheres must be returned to the hydrogen charging facility for recharging. 

A 12-tube trailer truck pressurized to 2640 psi, will hold 335.6 kg of hydrogen, which would 
constitute about 1% of the trailer weight. A trailer designed to carry a bed of glass 
microspheres having inside dimensions of 2.5m x 2.5m x 12m, and a volume of 75 m3 would 
carry 1500 kg of hydrogen (-4.5 times the capacity of a 12-tube trailer) if the spheres were 
loaded at 20 kgH.Jm3, or 750kg of hydrogen (-2.25 times the capacity of a 12-tube trailer) if 
the spheres were loaded at 10 kgH2/m3. The mass fraction of hydrogen in the trailer would be 
greater than the 1% of the tube trailer. 

A liquid hydrogen trailer with the capacity of 49.2m3 (13,000 gallons) could carry 3500 kg of 
hydrogen (-2.3 times the capacity of the above microsphere trader at 20 kgH2/m3), but the 
trailer capital cost is approximately $500,000. The capital cost per kg of hydrogen carrying 
capacity is $142.85/kgm2. The cost of mass produced gIass microspheres is expected to be 
significantly less than $4.00/kg, however even at that price, a trailer and bed of spheres is 
estimated to be about $66.00/kgLH2. 

Energy and Time Required for Loading and Unloading 

The energy needed to fill a bed of microspheres is the sum of the energy used to pressurize 
the hydrogen to the overpressure for filling and the heat used to raise the bed temperature for 
a suitable increase in permeability. For glasses, the permeability (K) can be expressed as 
(Souers, 1986, Woerner, Weinstein, Moen, and Rittman, 1979) 

K = K,,Texp(-$/T) (2) 

where T is the temperature of the glass and K,, and are constants that are functions of the 
mole percent of network modifiers (M) in the glass. For silicate glasses 

and 
K, = (3.4 +(8x104)M3) x lo-’’ 

9 = 3600 + 165M 

For a given pressure differential (AP) across the glass microsphere membrane, the internal 
pressure (Pi) at any time during fill or release of hydrogen is 

Pi = P, +_ AP{ l-exp(-t/z)) ( 5 )  

where P, is the original internal pressure and t is time. The + sign applies to filling and 
the - sign applies to releasing. The term z is the fill or release time constant, which can be 
expressed as 

z = r,2Ar/(3RTKr0) (6)  
c 

where r, and r, are the inside and outside radii, respectively of the microspheres, and R is the 



gas constant. For a step function in temperature, 63% of the hydrogen would transfer in one 
time constant, and 86% would transfer in two time constants. 

Figs. 6 through 9 are related to the energy needed to fill and release the microspheres with 
hydrogen. Fig. 6 shows the heat required, as a fraction of the lower heating value of the 
hydrogen stored, to raise the temperature of the combined masses of microspheres and 
hydrogen. The increase in heat required for increases in pressure is primarily due to the 
increased mass of glass needed to maintain the same safety factor. 

For pressurization, the energy required is a function of, among other parameters, the 
compressor efficiency and the number of stages. In Fig. 7 the compression energy for a 75% 
efficient, three-stage compressor is added to twice the value for heat from Fig. 6, to give a 
total energy required for a fill and release cycle of hydrogen. The figure shows that the 
"round trip" energy for reasonable pressures and temperatures ranges from 10% and 20% of 
the lower heating value of the hydrogen stored. This total energy requirement is less than 
that needed to liquify hydrogen for shipment. 

Fig. 8 shows the variation in hydrogen permeability with temperature, for silicate glass. The 
resulting fill and release time constant is given in Fig. 9 for 30-p-diameter microspheres 
with a 0.675-pm-thick membrane made with a glass containing 15% network modifiers. An 
increase of 2OOOC in temperature results in a decrease of the time constant by four orders of 
magnitude. However, the fill, release time constant is still about one hour, which means it 
would take three hours at 220°C to fill or release the microsphere by 95%. An increase in 
temperature to 37OOC would give the same result in 15 minutes. 

Concfusions 

The performance of glass microspheres appears to be sufficient for applications to bulk 
storage and transport of hydrogen based on the analysis using semi-empirical modeling. To 
date there is still some uncertainty in the behavior of hydrogen-permeable glasses with regard 
to the effect of network modifiers, and to strengths. Also, the behavior of large beds of high- 
strength microspheres has not been studied. Truck trailers using glass microspheres car? 
transport several times the mass of hydrogen than a large pressure tube trailer. Also, 
hydrogen transporters employing glass microspheres can require significantly less capital cost 
than liquid hydrogen transporters, and the cycle energy required for transport in microspheres 
is less than for liquid hydrogen transport. 
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Figure Captions 

Figure 1. Geometry and dimensions of glass microspheres for hydrogen storage. 

Figure 2. Microspheres will be handled in packed beds for use as a hydrogen transport 
medium. 

Figure 3. Comparisons of hydrogen storage density and mass fraction for different hydrogen 
storage systems and media 

Figure 4. 

Figure 5. 

Mass fraction of hydrogen stored in a bed of high-strength glass microspheres. 

Volumetric density of hydrogen stored in a bed of high-strength, glass 
microspheres. 

Figure 6. Fraction of hydrogen lower heating value needed for one heating cycle to raise the 
temperature of a microsphere bed and hydrogen. 

Figure 7. Fraction of hydrogen lower heating value needed for one pressure cycle and two 
heating cycles to load and unload a bed of microspheres with hydrogen. 

Figure 8. Permeability constant vs. temperature increase above 20C, for hydrogen in glass 
microspheres with 15% of network modifiers. 

Figure 9. Time constant vs. temperature increase above 20C, for exponential fill or release 
of hydrogen using above glass microspheres with diameters of 30 jm and 
0.675 jm-thick walls. These microspheres could contain hydrogen at 9000 psi 
with a safety factor of 1.5. 
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