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FOREWORD 

The Department of Energy (DOE) has identified fuel cells as a promising technology for solving 
the nation's air quality problems and foreign fuel dependence related to the transportation sector. 
Consequently, DOE has established the goal of developing fuel cell technology as a viable 
alternative to the internal combustion engine. Central to this goal is a safe, feasible means of 
supplying hydrogen of the required purity to the fuel cell power system on board the vehicle. 
Two basic strategies are being considered: (1) on-board fuel processing to produce hydrogen 
from a variety of sources, and (2) on-board storage of pure hydrogen provided by stationary fuel 
processing plants. This report documents a portion of the work performed by Arthur D. Little, 
Inc. under contract DE-AC02-92-CE50343, Multifuel Reformers for Fuel Cells Used in 
Transportation. One objective of this program is to develop advanced fuel processing systems to 
reform methanol, ethanol, natural gas, and other hydrocarbons into hydrogen for use in 
transportation fuel cell systems, while a second objective is to develop better systems for on- 
board hydrogen storage. 

Specifically, this report examines the techniques and technology available for storage of pure 
hydrogen on board a vehicle. The report focuses separately on near- and far-term technologies, 
with particular emphasis on the former. Techniques and technology available for on-board 
hydrogen storage as well as experimental tests and results are discussed. Development of 
lighter, more compact near-term storage systems is recommended to enhance competitiveness 
and simplifl fuel cell design. The far-term storage technologies require substantial applied 
research in order to become serious contenders. A companion report, produced under the same 
contract, analyzes fuel processor options. 

This work was funded by the U.S. DOE, Energy Efficiency and Renewable Energy, Office of 
Transportation Technologies, Office of Propulsion Systems, ElectridHybrid Propulsion 
Division. Project and technical management was provided by DOE'S ElectridHybrid Propulsion 
Division with technical oversight and advice provided by Argonne National Laboratory under 
the direction of Mr. Clinton C. Christianson, Manager Power Source Technology, Chemical 
Technology Division. Mr. Jeffrey Bentley was the Arthur D. Little manager for this project. 

Lucito Cataquiz 
Office of Transportation Technologies 
U.S. Department of Energy 
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HYDROGEN STORAGE ON-BOARD FUEL CELL VEHICLES 

1 .O Executive Summary 

During Phase I of this effort, Arthur D. Little assessed various hydrogen storage 
technologies, both developed and developing, in the context of hydrogen storage 
aboard fuel cell vehicles. We determined that: 

1. compressed hydrogen gas (CHG), liquefied hydrogen (LH2), and 
low-temperature metal hydrides are valid vehicular hydrogen storage 
technologies, each with its defined niche; 

2. liquid hydrides, polyhydrides, and sponge irodwater are technologies with 
serious technical hurdles and may or may not respond to further development; 

3. high-temperature metal hydrides are poorly suited to vehicular applications; and 

4. carbon sorbents could benefit from closer scrutiny, given the disparity between 
published results and carbon developers’ predictions. 

Accordingly, Phase II of this effort was directed toward exploration and improvement 
in systems designed to use carbon sorbents or low temperatures. We built the 
Arthur D. Little (ADL) Hydrogen Storage Test Facility; obtained ten samples of 
carbon sorbent: activated carbon, carbon black, carbon aerogel, or carbon molecular 
sieve; tested each of these at roughly 80 K, 190 K, and 300 K for its ability to absorb 
and desorb hydrogen; and reduced the experimental data to a format that benefits a 
system designer. 

. 

That format is the Usable Capacity Ratio (UCR), which is the ratio of the mass of 
hydrogen that can be released from a carbon-filled tank to the mass of hydrogen that 
can be released from an empty (that is, not fded with carbon) tank. The UCR for 
any given carbon depends on the maximum working pressure of the tank, the 
minimum delivery pressure to the hydrogen-consuming system, and the storage vessel 
temperature. Only when the UCR is greater than unity can it make sense to include 
carbon sorbent in a CHG pressure vessel. From these data we concluded as follows: 

1. Most of the carbons tested will adsorb enough hydrogen at low temperatures 
and low pressures (less than 1000 psi) to justify their inclusion in a pressure 
vessel by virtue of increasing volumetric density. However, this does not mean 
that high-pressure CHG vessels should be replaced with low-pressure carbon 
sorbent-filled vessels; no carbon-filled CHG vessel holds as much hydrogen at 
1000 psi as does an empty CHG vessel (of the same volume) at 3000 psi. 
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2. For each carbon, at any given temperature, there is a pressure above which the 
inclusion of that carbon in a pressure vessel is detrimental. Above that 
pressure, the carbon adsorbs less hydrogen than would fit as vapor in the space 
occupied by the carbon. 

3. Packing the carbon more densely, thus fitting more carbon particles within a 
given volume, amplifies the benefit afforded by the carbon in the 
pressure/temperature range in which the inclusion of that carbon is beneficial; 
but it does not change the value of the pressure above which the inclusion of 
that carbon in a pressure vessel is detrimental. 

4. We tested one carbon the inclusion of which could be justified in a pressure 
vessel with a maximum working pressure of 3000 psi, and its inclusion could be 
justified at both 190 K and 300 K. The increase in volumetric density was only 
on the order of lo%, but this result is encouraging in light of the higher 
temperatures. 

5. The better a carbon adsorbs hydrogen, the more critical it is to consider the 
minimum delivery pressure. At any minimum delivery pressure other than zero, 
some hydrogen will remain adsorbed by the carbon; this amount can be large 
enough to negate the value of including that c d o n  in the pressure vessel. 

6.  Carbons can be poisoned by impurities (such as hydrocarbons) in the hydrogen, 
but the one carbon we tested in this regard could be substantially regenerated by 
means of simultaneous heating and evacuation. 

7. Issues such as cost, weight, fragility, galvanic attack on aluminum vesselsfiners, 
and powder containment within the vessel remain to be addressed at such time 
as a carbon is found to have performance that justifies its consideration as a 
sorbent. 

8. More effort has been devoted to developing carbon sorbents for methane than to 
developing carbon sorbents for hydrogen, but the optimum carbon sorbent for 
hydrogen should not be expected to be the same as the optimum carbon sorbent 
for methane. In fact, the best carbon we tested was selected (by its 
manufacturer, for submittal to our testing program) from twenty or so similar 
carbons on the basis of its capacity to adsorb methane. Had that selection 
process been made on the basis of the carbons’ ability to adsorb hydrogen, it 
may well have been that we would have been presented with a carbon that 
outperformed any we tested. It is quite possible that superior carbon sorbents 
for hydrogen simply remain to be developed. 

2 



Both carbon-filled and non-carbon-filled pressure vessels hold more hydrogen at low 
temperatures than they do at high temperatures, at any given pressure. We 
investigated the limiting aspects of the design of a cryogenic-temperature vehicular 
CHG storage system: pressure vessels, valves, pressure regulators, and filters that 
must operate at cryogenic temperature and 3000 psi, as follows: 

1. 

2. 

We commissioned the design, fabrication, and NGV2 testing of a 1900-in3 
aluminum-lined carbon-composite full-wrapped pressure vessel, and subjected it 
to pressure/temperature (3000 psB0 K) cyclic testing at a specially-constructed 
facility. We concluded that such vessels can be fabricated successfully using 
essentially the same techniques used to make ambient-temperature 
carbon-composite pressure vessels. 

We identified a cryogenic-temperature CHG storage system configuration in 
which hydrogen could be stored, and from which it could be discharged, with 
only the pressure vessel and the discharge heat exchangers having to operate at 
high pressure and cryogenic temperature. All valves, pressure regulators, and 
filters in this system configuration operate at near-ambient temperature. 

3 



2.0 Introduction 

Fuel cells are now being developed for application in the transportation sector 
because the expected energy security, environmental, and economic benefits to the 
nation are truly significant. Fuel cells combine hydrogen @I2) with oxygen from the 
air to produce electricity without using moving parts. Unlike internal combustion 
engines (ICES), fuel cells have no combustion process with which to generate 
airborne pollutants. An FCV operating on pure hydrogen and air produces only 
water at the tailpipe, and thus qualifies as a zero emission vehicle (ZEV). 

The Department of Energy (DOE) has in place a fuel cell propulsion system 
development program with a goal of providing an alternative to ICEs for the U.S. 
transportation sector. Fuel cell vehicles (FCVs) fueled by hydrogen stored on-board 
or using domestically-produwd alternative fuels such a methanol, ethanol, or natural 
gas with a reformer could provide superior performance and lower emissions 
compared to conventional vehicles, while simultaneously reducing the nation’s 
petroleum demand. Fuel cells can provide the power for vehicle propulsion systems 
with nearly twice the overall fuel efficiency and greatly reduced emissions and noise, 
compared with ICEs. 

In the DOE Fuel Cells in Transportation Program, two basic strategies are being 
considered for providing the fuel cells with a supply of hydrogen at the required 
purity: (1) on-board fuel processing whereby methanol, ethanol, natural gas, or other 
alternative fuels stored on the vehicle undergo reforming and subsequent processing 
to produce hydrogen, and (2) on-board storage of pure hydrogen provided by 
stationary fuel processing facilities or stationary electrolysis. 
On-board fuel processing has the advantage of using (generally liquid) fuels with 
existing infrastructures, albeit at the expense of significant added system complexity. 
On-board hydrogen storage on the other hand, while greatly simplifying on-board 
system design, must meet stringent weight, volume, handling, and safety constraints. 
Based on preliminary analyses, summarized in this report, several hydrogen storage 
technologies can be developed in this decade, assuming sufficient research and 
development is undertaken to establish the technical and cost characteristics needed 
for large transportation markets. Several hydrogen storage technologies are likely to 
be utilized to address the unique requirements of both light-duty and heavy-duty 
vehicles. 

The program reported herein primarily addresses two of the technologies having the 
most potential for the efficient on-board storage of hydrogen. Section 2.1 
summarizes the results of Phase I of the program (Reference 6), and the balance of 
the report describes Phase II. 
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2.1 Hydrogen Storage Technologies’ 

During Phase I of this effort, Arthur D. Little assessed various hydrogen storage 
technologies, both developed and developing, in the context of hydrogen storage 
aboard fuel cell vehicles. We determined that: 

1. compressed hydrogen gas (CHG), liquefied hydrogen (LH2), and 
low-temperature metal hydrides are valid vehicular hydrogen storage 
technologies, each with its defined niche; 

2. liquid hydrides, polyhydrides, and sponge irodwater are technologies with 
serious technical hurdles and may or may not respond to further development; 

3. high-temperature metal hydrides are poorly suited to vehicular applications; and 

4. carbon sorbents could benefit from closer scrutiny, given the disparity between 
published results and carbon developers’ predictions. 

Accordingly, Phase II of this effort was directed toward exploration and improvement 
in systems designed to use carbon sorbents or low temperatures. 

There are five hydrogen storage technologies available for use today. Figure 2.1 
describes these five different storage technologies and the applications in use today. 
Two of the applications and attendant technologies described in Figure 2.1 are 
currently under study at ADL; these are described in Figure 2.2. 

High-temperature metal hydrides show promise for stationary storage of hydrogen, 
but this report addresses the on-board storage application only. High-temperature 
metal hydrides are unsuited for on-board storage of hydrogen. All metal hydrides 
(both high- and low-temperature) require the addition of substantial heat to release 
hydrogen. For low-temperature metal hydrides this dehydriding heat can be supplied 
by the exhaust heat of internal combustion engines (ICES) or by the tailgas streams 
of fuel cells. However, high-temperature metal hydrides require that the dehydriding 
heat be supplied at temperatures too high for the tailgas streams of fuel cells. Some 
of the dehydriding heat for high-temperature metal hydrides could be provided by the 
exhaust of ICES, but only some. Some of the heating value of the storedreleased 
hydrogen could be used to provide this dehydriding heat, but at least 30% of the 
released hydrogen’s higher heating value (HHV) would have to be sacrificed. 

’ This section contains a summary evaluation of the technologies. Appendix A contains an expanded description of 
hydrogen storage technologies. 
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2.1.1 Criteria for Acceptance of On-board Storage. 

Acceptance criteria for vehicular on-board hydrogen storage systems are varied and 
complex. Figure 2.3 lists the important acceptance criteria and a brief explanation of 
each. More general criteria, such as system cost and consumer acceptance, can be 
derived from these criteria. 

Two of the more important storage acceptance criteria are gravimetric and volumetric 
storage density. Figure 2.4 (Reference 2) shows the sensitivity of various types of 
vehicles to volumetric and gravimetric fuel storage densities. In this figure, the upper 
-left area describes vehicles for which the primary need is to carry large volumes of 
materials, and the lower-right area describes vehicles whose primary need is to carry 
large weights. The area in the center box represents vehicles that have balanced 
needs. It is interesting to note that the distribution of needs is fairly uniform; there is 
not an overwhelming need for either volume-centered or weight-centered vehicles. 
When annual fuel consumption of each sector is considered, each of these three broad 
categories represents substantial national energy demand. In order to support 
widespread fuel cell penetration, both weight-efficient and volume-efficient hydrogen 
storage technologies will be required. 
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Highest system volumetric density, but highest energy penalty; 
used by NASA for on-board and stationary storage 

Simplest system, but has low volumetric density; used on 

Can improve volumetric density of compressed hydrogen gas 

Most crash-worthy system, but heavy; used by Mazda 

Inappropriate on board vehicles, because dehydriding energy is 
req u i red at u navai la ble tern pe rat u res 

Figure 2.1. Five Hydrogen Storage Technologies Are Available For Use Today; None Is Without Drawbacks, But Each Has its Niche 
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Carbon-assisted compressed U.S. Department of Energy, 
Off ice of Transportation 

High temperature metal hydride 
with phase change material 

National Renewable Energy 

Figure 2.2. ADL is Currently Addressing Two Distinct Applications 



+ Gravimetric Density 

+ Volumetric Density 

+ Fraction of HHV required 
to store hydrogen 

+ Fraction of HHV required 
to release hydrogen 

+ Necessity to vent hydrogen 
vapor to keep tank 
pressures within bounds 

+ Handling difficulties 

+ Safety 

(weight of stored hydrogen / system weight) 

(weight of stored hydrogen / system volume) 

(stationary source of energy) 

(on-board source of energy) 

(e.g, refueling time, leakage) 

(li kelihood/consequences of uncontrolled 
hydrogen release) 

Figure 2.3. Criteria for Acceptance, On-Board Hydrogen Storage 
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Figure 2.4: Application Segmentation According to Weight and Volume Sensitivity (Ref 2.) 

10 



2.1.2 Reference Systems for Comparison of Hydrvgen Storage Options 

Figure 2.5 is a graph of fuel system weight density on the horizontal axis and 
volumetric density on the vertical and provides a useful tool for comparing hydrogen 
storage alternatives to other energy sources: 

System gravimetric density is defined as the weight of stored hydrogen divided 
by the weight of the fully loaded storage and regeneration systems 
~ ~ H Y D R O G E N k ~ S Y S " E M  Or %H2). 

System volumetric density is defined as the weight of stored hydrogen divided 
by the external volume of the hydrogen storage and regeneration systems 

3 
@HYDROGEN'm SYSTEM)' 

Note that a logarithmic plot is required in order to display the large differences 
between different technologies. On this graph, bigger is better so that diesel, in the 
upper right hand corner represents the energy storage system which requires the 
lowest weight and volume to travel a given distance. One goal of the DOE 
Hydrogen Plan (Reference 1) under the Matsunaga Hydrogen Act (P.L. 101-556), 
shown in Figure 2.5, is to develop on-board hydrogen storage technologies that 
compare favorably with gasoline. Also shown in Figure 2.5 are technologies which 
are candidates to replace diesel including the methanol reformer (coupled with a fuel 
cell) and batteries (installed in an electric vehicle). The relative propulsion 
efficiencies of each system have been incorporated so that each plotted value is 
proportional to the vehicle range that can be provided for a given weight or volume. 
Two examples are provided in Figure 2.5 to assist in interpretation. The large X in 
the upper portion represents a hypothetical hydrogen storage technology which would 
provide an FCV with range equal to a gasoline vehicle if the gasoline and hydrogen 
storage system were the same volume. However, that storage system would weigh 
six times as much as the gasoline system. Similarly, the X on the right hand side 
indicates a technology which will provide equal range for equal weight but requires 
about 3 times more storage volume than the gasoline system. 
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The same reference system as Figure 2.5 is used in Figure 2.6 to compare various 
current hydrogen storage technologies and to show ADL’s summary assessment (as 
of 1992) of future hydrogen storage systems. Figure 2.6 shows how the 
chmcteristics of hydrogen storage technologies compare to diesellgasoline with 
respect to gravimetric and volumetric densities. Several observations can be made 
from this figure: 

0 

A liquefied hydrogen (LH,) storage system is the only technology that currently 
meets or exceeds the DOE hydrogen plan. Indeed, it has a higher gravimetric 
energy density than a diesel system, (but takes up almost three times the volume 
for a given range). The barriers to acceptance of LH, aboard vehicles (the 
energy required to liquefy the hydrogen, limited dormancy, handling difficulties, 
and safety) are more perceived than real, as is discussed in section 2.1.3. 

Rechargeable metal hydride storage has numerous advantages (safety and 
volumetric density) but suffers from very low gravimetric energy density (i.e., 
high system weight). 

Compressed hydrogen using metal tanks falls short of the DOE Hydrogen Plan 
goal and is well short of petroleum fuels storage systems. However, potential 
exists for significant advances in the near-term; namely, advanced tank 
technology, chilling the contents of the tank, reducing the pressure vessel safety 
factor within acceptable limits, or any combination of the three. 

Low temperature advanced compressed gas technology has the potential to 
provide gravimetric density in excess of the DOE Hydrogen Plan goal, albeit at 
a volumetric density far less than the plan. 

Compressed hydrogen storage, combined with carbon sorbents per 
manufacturers’ projections seems the most likely technology available to meet 
the DOE Hydrogen Plan goal (in this reference system) while at the same time 
addressing favorably the other criteria for acceptance of on-board hydrogen 
storage systems. However, advances in carbon manufacturing technology will 
be required to achieve the DOE goal for hydrogen storage. 

Two of these technologies (compressed gas with carbon adsorption and compressed 
gas at low temperatures) were the focus of the experimental part of this program. 
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2.1.3 Observations Concerning Hydrogen Storage Technologies 

Since the issuance of our Phase I report (Reference 6) we have had the opportunity to 
reflect on certain of the hydrogen storage technologies, as follows: 

Carbon Sorbents When measuring the amount of hydrogen that is stored in, 
and can be released from, a vessel filled with carbon sorbent and hydrogen at 
high pressure and low temperature, it is tempting to use temperature swing as 
well as pressure swing. That is, it is tempting to measure the hydrogen release 
from (3000 psi, 77K) to (60 psi, 300K) rather than from, (3000 psi, 77K) to (60 
psi, 77K). Much more hydrogen can be released by depressurizing and 
warming than by depressurizing alone, and published carbon sorbent release 
data often reflect pressure/temperature swing rather than pressure swing alone, 
though this is not always explicitly stated. 

No practical on-board hydrogen storage system is likely to operate in this 
fashion. The energy required to pressurize and refrigerate hydrogen to (3000 
psi, 77K) is roughly 35% of the higher heating value (HHV) of the hydrogen 
thus stored. To refrigerate the carbon, which is an order of magnitude more 
massive than the hydrogen; and the pressure vessel, which is more massive than 
carbon; and effectively half of the insulation; to 77K will demand several times 
the HHV of the stored hydrogen. 

Cold Compressed Hydrogen Gas (Cold CHG) - An empty pressure vessel (that 
is, one devoid of carbon sorbent) can hold almost four times as much hydrogen 
at 77K as it can at 300K. Thus, one approach for more compact storage would 
be to cryocool the hydrogen (and the pressure vessel) to improve volumetric 
density four-fold. There are a few problems, though: 

- Insulation - A foam-insulated pressure vessel can easily occupy two or three 
times the volume of a bare pressure vessel, and will provide only several 
hours of lockup time (that is, time that can elapse between filling and initial 
operion without the hydrogen pressure exceeding design operating pressure). 
A vacuum-insulated pressure vessel (which would be developmental, as none 
are commercially available) would occupy less volume and provide longer 
lockup time, though a high-pressure fdler neck would conduct heat through 
the vacuum shell more readily than would a low-pressure fder neck (which 
can be thinner), thus limiting lockup. 

- Parasitics - The energy required to compress and cryocool hydrogen to 3000 
psi, 77K is roughly 85% of the energy required to liquefy it. However, the 
volumetric density of CHG at 3000 psi, 77K is only 70% that of LH,. 
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Liquefied Hydrogen - Liquefied hydrogen (LH,) and only LH,, meets the DOE 
goal (Figure 2.1). No other hydrogen storage technology is likely to do so. 
Those that come closest, such as high-pressure cryocooled CHG, share with 
LH, those adverse features for which LH, is often dismissed: high cost of 
preparation, lockup limitations, and handling difficulties. Yet BMW, a 
commercial enterprise not easily dismissed, continues to pursue LH, for 
passenger cars. Let us examine these adverse features as they apply to LH,. 

- High Cost of Preparation - Liquefying hydrogen requires energy input equal 
to roughly 40% of the HKV of the hydrogen that gets liquefied. Yet, if the 
liquefaction takes place where energy is cheap, this may not be too 
expensive. This is, after all, the premise behind the Euro-Quebec Hydro- 
Hydrogen Pilot Project (EQHHPP). 

- Lockup Limitations - Vacuum-insulated LH, vessels that dispense no 
hydrogen will lose, through boiloff, on the order of 1% of the vessel capacity 
per day, once the boiloff vapor rises to the pressure of the relief valve 
setting. Any fuel delivery system that takes first from the vapor space, then 
from the liquid space, will never suffer boiloff losses if the vehicle is used 
daily. 

Those occasional periods of vehicular inactivity that last several days will 
cause boiloff, but this boiloff has no signifcant economic consequence. It 
could have safety consequences, but only if released to the atmosphere 
(particularly within an enclosure) as hydrogen. If the boiloff is directed 
instead to the vehicle’s fuel cell, it could charge up the battery or provide 
passive power to auxiliary devices. If the vehicle has no fuel cell, it could 
be directed to a catalytic recombiner (this is precisely how sealed lead-acid 
batteries deal with hydrogen generated by battery overcharging). 

- Handling difficulties - Difficulty in handling LH, arises from inadequate 
engineering, not from inescapable physical principles. The clouds of vapor 
associated with last-minute rocket fueling are due to the enormous fuel 
transfer rates and to no requirement on NASA to conserve hydrogen; 
gasoline vapors are now routinely recovered, and hydrogen vapors could 
also be recovered. Perhaps professionals will need to attend to fueling 
vehicles, but until the last couple of decades only professionals dispensed 
gasoline. 

European predisposition toward on-board LH, makes sense in the context of 
EQHHPP. If the penalty for liquefaction has already been paid, why not 
continue to enjoy the benefit of LH,? Hydrogen is generally distributed as a 
liquid in the US, and is bottled as CHG only locally. That is to say, any 
hydrogen you can buy today has already borne the cost of liquefaction, unless it 
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is dispensed from the very limited hydrogen pipelines (less than 20 miles total 
in the U.S.) Local reforming of natural gas may prove cheaper than shipping 
LH, fiom places where natural gas is cheap, but there are instances where it has 
not. Renewably generated hydrogen will generally need to be shipped, 
presumably as liquid. 

2.2 Specific Program Goals of Phase I1 

The overall objectives of Phase II of this program were: 

To test carbon sorption using a number of different state-of-the-art carbons and 
To design and test an advanced, compressed gas, low temperature storage 
system. 

Specifically our objectives were to: 

Experimentally test carbon sorption at temperature and pressure conditions 
likely to be used in the real world. 
Provide an independent impartial assessment of carbon sorption. 
Provide low-cost carbon sorption testing to carbon manufacturers with a 
guarantee of confidentiality of comparative testing results. 
Do system-engineering-type tests, i.e.: measure how much hydrogen can be 
withdrawn fiom a tank with carbon in it, vs. how much hydrogen can be 
withdrawn from an empty tank of the same size (at the same temperature and 
pressure). 
Design and test a low-temperature advanced compressed hydrogen tank. 
Design a low-temperature compressed-gas system for on-board vehicle use. 

How these program goals were addressed and met are described in the balance of this 
report, which presents: 

The design philosophy used and a description of ADL's Hydrogen Storage Test 
Facility. 
The procedures used for testing carbon sorption and the results of the test. 
The carbon sorption evaluation method that we developed for comparative 
engineering analysis. 
The design and testing of the advanced compressed gas coal storage cylinder, 
and 
The design of a low-temperature, compressed hydrogen storage system for 
vehicular storage. 
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3.0 Carbon Sorption Testing 

In order to properly evaluate the hydrogen sorption properties of various carbons we 
first designed and built a hydrogen storage test facility. We then established a set of 
test protocols and used it to test various carbons. During this process we 
simultaneously established and followed a rigid set of safety procedures. 

3.1 
The design of the ADL hydrogen storage test facility (HYSTFAC) began with the 
formulation of a set of performance gods and was foliowed by a detailed engineering 
design to meet these goals. 

Hydrogen Storage Test Facility System Description. 

3.1.1 Design Performance Goals 

The principal design goals of the ADL HYSTFAC were to build a facility with which 
we could: 

Measure, in a timely manner, carbon sorption over the wide range of 
temperatures and pressures that are likely to be used in vehicle and stationary 
hydrogen storage systems in the real world. 

Measure carbon sorption with a degree of accuracy high enough to: 
- provide system designers with useful data and 
- recognize significant differences between the sorption properties of different 

carbons. 

Operate the facility in a safe manner. 

3.1.2 HYSTFAC Engineering Design Parameters 

The important design decisions for construction of the facility included the choice of 
0 

0 

0 

The temperature and the pressure ranges to be used, 
The method used to measure the amount of hydrogen absorbed in the carbons, 
and 
The choice of the safety systems to be used. 

None of these decisions could be made independently of the others. The following is 
a general description of the design parameters chosen and some of the reasoning used 
to make these choices. A simplified schematic of the system is shown in Figure 3.1. 
A detailed description of the system can be found in Appendix B. 
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---- 

Atmosphere + - - - - 

Flow into Tank 
--- Flow Out Of Tank 

PR - Pressure Regulator 
BPR - Back Pressure Regulator 

MFC - Mass Flow Controller 

Figure 3.1. Simplified Flow Schematic 

3.1.2.1 Design Temperafures and Pressures. The pressure range chosen for testing was 
from 20 psia to 3000 psig. This range encompasses the pressures currently used in 
vehicular compressed gas storage system. We do not expect the addition of carbon 
sorption materials to compressed gas storage vessels will increase the current (market 
determined) maximum storage pressure of 3000 psig, nor do we expect fuel cell 
supply systems to take delivery below 20 psia. 

Three temperatures (approximately)2 80 K3, 190 K4 and 300 K5) were chosen to 
test the hydrogen sorption properties of various carbons. These temperatures were 
chosen because they cover the wide spectrum of temperatures of interest to users of 
carbon sorption and because they can be easily reproduced. 

Exact temperatures were recorded during each test. 

Approximate boiling temperature of atmospheric pressure liquid nitrogen (exact temp. = 78.7 K). 

Approximate temperature of an atmospheric-pressure mixture of acetone and dry ice. 

Approximate average ambient temperature in our test facility. 
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Carbon sample sizes of 150 milliliters and 1 3 0  milliliters were chosen because they 
are large enough to allow accurate measurements with our test equipment, and small 
enough to allow manufacturers to provide samples at a reasonable cost.6 

The use of the larger sample size was preferred because it resulted in more accurate 
data, but we did successfully use the small size when the manufacturing cost of the 
sample material was (currently) excessive. 

3.1.2.2 Hydkogen Measurement System. The measurement system chosen for our 
facility was based on the use of an electronic mass flow controller. Figure 3.1 is a 
simplified schematic of the test system used. This system was chosen instead of a 
direct sample weight system because of the low hydrogen-to system weight ratio. 
With the mass flow controller system, we measured the mass flow rate of hydrogen 
flowing into (and out of) a tank containing the carbon sample and electronically 
integrated this mass flow rate over time to determine the total quantity of hydrogen 
introduced into (or removed from) the tank. In order to measure mass flow both into 
and out of the test vessel, two separate mass flow controllers, with corresponding 
pressure regulators, are required, for two reasons. 

1. Most mass flow controllers (MFCs) are accurate (to within 0.5%) only if the 
instrument is maintained at a constant pressure. This is because the principle of 
space operation for most MFCs is the measurement of the temperature change 
in a bypass tube, through which a small portion of the main flow passes. If the 
pressure in the instrument changes, the gas velocity, and thus the heat transfer 
rate changes in the bypass tube, and it takes a few minutes to reach a new 
equilibrium and produce accurate results. Therefore, we used a forward 
pressure regulator and a backpressure regulator to maintain the inlet MFC at a 
constant pressure above the highest test vessel pressure, and a forward pressure 
reguIator to maintain the outlet MFC at a constant pressure just above 
atmospheric pressure. 

2. Typically, MFCs are assembled and calibrated for a specific pressure range, and 
a change of internal orifice size and recalibration is necessary if operation at a 
significantly different pressure is desired. The absolute pressures at which the 
inlet and outlet MFCs must operate differ by two orders of magnitude, so 
different MFCs must be used while filling and discharging the test vessel, even 
though only one MFC is used at a time. 

%e decided, at the outset of this phase of the project, and in cooperation with a number of carbon manufacturers, 
that the test samples would be provided for testing at no charge (unless we lost, destroyed, or damaged them). This 
would help to assure that materials to be  tested were, or could be, manufactured at  a reasonable cost. We saw little 
point in measuring the properties of any carbon that was so outrageously expensive (e.9.. fullerenes) that they would 
be inappropriate for vehicular applications. 
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3.1.2.3 Safety Systems. The safety designed and built into the HYSTFAC included a 
substantial investment in equipment and the establishment of rigid procedures. The 
facility is designed to provide high pressure hydrogen at temperatures from ambient 
down to -195"C, and to vent safely any stored hydrogen (heating or cooling as 
necessary) through a mass flow controller (which can only tolerate a narrow range of 
input temperature). 

This facility is located in a dedicated building (to eliminate spurious sources of 
ignition), and is characterized by the following safety features: 

stand-alone cement block building with blow-off roof 
compressed hydrogen supply cylinders located outdoors, with locked valves 
liquid nitrogen dewars and heat exchanger outdoors 
explosion-proof, external, forced-draft W A C  
- blower interlocked with room lights (lights cannot work without blower) 
- ridge vent perpetually open to exhaust any stray hydrogen 
- at least 10 air changes per hour 
explosion-proof lighting 
explosion-proof telephone 
numerous safety relief valves discharging to vent manifold 
hydrogen detector, always on, which upon detecting 15% of the LEL: 
- closes solenoid valve on hydrogen supply manifold 
- activates visual alarm 
- alerts ADL Security, who phone project personnel 
nitrogen-diluted hydrogen vent atop nearby (higher) building 
electronics in nitrogen-pressurized NEMA 4 cabinet 
no possible source of ignition inside the facility, and 
explosion-proof motors, even those located outdoors 

The safety procedures that we developed and used are described in Section 3.3. 

3.2 Test Procedures 

The testing protocol described below was followed for each of the ten sorbents 
tested. 
temperature for degassing the sample, were accommodated.8 The carbon sample 
preparation and testing protocols generally used were as follows: 
1) Measure the weight and volume of the sample to be tested. 

Minor variations prescribed by individual carbon manufacturers, such as the 

7 

8 

The sorbents are described in Section 4. 

Appendix C provides data for typical heatingldegassing. 
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5 )  

9) 

3.3 

Pack the sample into the test pressure vessel using hand-induced vibration to 
effect settling. 
Seal the pressure vessel and pressure-test the seal. 
De-gas the sample by simultaneously heating and evacuating the tank (ushg the 
carbon manufactuer’s recommended time, temperature and pressure - usually 
15OoC for four hours at less than 20 millitorr of vacuum). 
Establish the tank and sample at the desired test temperature using either: 
a) A liquid nitrogen bath for 80 K testing, in which case a controlled flow of 

liquid nitrogen into the bath was maintained to keep the bath level constant. 
b) An acetone and dry ice mixture for 195 K testing, in which case the bath 

level was maintained by occasional additions of dry ice during the testing. 
c) Room ah circulation for the 300 K test. 
Flow a measured mass of hydrogen into the tank. Record the resulting 
temperature and pressure. Wait for thermal equilibrium (10 minutes)? Record 
the resulting temperature and pressure. 
Repeat step 6 (starting at the state present at the end of step 6) until the 
maximum desired pressure for the test is attained . 
At the maximum desired pressure, and after thermal equilibrium is complete, 
reconfigure the system for desorption (set the pressure in the outlet line equal to 
the pressure in the tank). 
Release a measured mass of hydrogen from the tank. Record the resulting 
temperature and pressure. Wait for thermal equilibrium to be established (10 
minutes). Record the resulting temperatures and pressures. 
Repeat step 9 (starting at the state present at the end of step 9) until the 
minimum desired pressure in the tank is attained. 

Safety Procedures 

Formal daily, weekly, and monthly safety procedures were established and followed 
to ensure the safety of the operating personnel in the facility. Other than spark 
ignition of a hydrogen oxygen mixture, one of the ever-present dangers in working 
with hydrogen is the tendency of hydrogen to autoignite if a rapid pressure decrease 
occurs, such as an uncontrolled release of hydrogen from a high pressure tank. This 
is due to the negative Joule-Thomson Coefficient of hydrogen above 300 psig (at 
300K). 

No safety incidents occurred during the period of testing under this contract. A 
detailed description of the safety procedures that were followed is contained in 
Appendix E. 

9 See Appendix D for details of thermal equilibrium measurements. 
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4.0 Carbon Sorption Test Results 

This section describes the coding system we used for identifying carbons, the 
adsorption data for the various carbons, the desorption data for the same carbons, and 
the analysis system we have developed to enable system designers to make useful 
comparisons between the carbons. 

4.1 Carbon Codes 

The ten carbons tested in this program are identified by the code letters A through J. 
Some of these carbons are activated carbons, some are carbon blacks, some are 
carbon aerogels, and one is a carbon molecular sieve. This coding system was used, 
instead of simply naming the carbons, in order to preserve confidentiality of the 
results for the carbon manufacturers. This confidentiality was required by many of 
the carbon manufacturers as a prerequisite to their supplying the carbons for testing. 
In addition, the coding system precludes any commercial exploitation of the results. 
A permanent record of the code translation is maintained in ADL’s secure archives. 
Figure 4.1 lists the sample sizes and test temperatures for the various carbons. 
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Carbon 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

Schedule of Carbons Tested 

Sample 
Size 
(1) 

1.25 

1 .o 

1 .o 

1.3 

1.3 

0.15 

1.3 

1.3 

1.3 

0.12 

Bulk 
Density 
(g/cc) 

0.27 

0.28 

0.34 

0.17 

0,74 

0.79 

0.24 

0.21 

0.28 

0.70 

Temperature(s) 
at which 
Tested 

(Q 

80 

80 

80 

80 

80,190,300 

80,190,300 

80, 190,300 

80,190,300 

80,190,300 

80, 190,300 

Figure 4.1 : ScheduIe of Carbons Tested 
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4.2 Carbon Adsorption Test Results 

Adso tion data for the ten carbons tested are contained in Figures 4.2 through 
4.15.' In these figures, the total mass of hydrogen in a tank containing carbon is 
compared to an empty tank" at the same pressure and temperature. These data 
experimentally confirm that for each carbon there is some pressure above which an 
empty tank will hold more hydrogen than one of the same size filed with 
carbon. This pressure is represented by the point at which the carbon line crosses 
the empty tank line on a plot of hydrogen content vs. pressure, such as Figure 4.4. 
In some cases, our system did not allow testing at a high enough pressure to record 
data up to or beyond this crossover point. However, in most of these cases it is clear 
at what pressure this crossover would occur. 

It is important to understand that, at the point at which the two curves cross, the 
amount of hydrogen per unit volume contained in the carbon is the same as the 
amount of hydrogen contained in the same unit volume in an empty tank. Therefore, 
at this point an increase in carbon density will not increase the quantity of 
hydrogen contained in a tank at that temperature and pressure. 

For a number of the tested carbons the adsorption properties are a strong function of 
temperature. For example, Carbon I at 80 K (Figure 4.6) exhibits substantial 
adsorption (especially at low pressures) while at 190 K (Figure 4.10) and 300 K 
(Figure 4.14), the adsorption is much less. 

Another important aspect of the adsorption properties of the various carbons is 
highlighted by the shape of the adsorption curve relative to the empty tank curve. 
Those carbons, such as Carbon E at 80 K (Figure 4.4), that adsorb a relatively large 
amount of hydrogen at low pressure seem to "fill-up" with hydrogen at low pressure 
and to not adsorb as much hydrogen at higher pressures. Because the desorption 
characteristics are about the same as adsorption (though there is some hysteresis) 
these carbons also do not 'release' the hydrogen (during desorption) until a low 
pressure is reached. The effects of the shams of the sorption curves is examined in 
more detail in section 4.4. 

lo These adsorption data have not been corrected for the (small) volumes of the tank ullage and of the lines leading 
from the tank because, in practical applications, the mass of hydrogen that can be put into a tank is much less 
important than the mass of hydrogen available from the tank. Section 4.4 describes the ullage corrections that were 
made to the desorption data. 

"The phrase "empty tank" is used in this report to mean a tank with no sorbent in it. The empty tank curves shown in 
the the report figures are drawn from a curve fit (described in Appendix F) to the experimentally obtained empty tank 
system data. 
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Figure 4.2 
Carbon A and B Adsorption Data Compared to an Empty Tank, T = 80 K 
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Carbon C and D Adsorption Data Compared to an Empty Tank, T = 80 K 
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Carbon E Adsorption Data Compared to an Empty Tank, T = 80 K 
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Carbon F and G Adsorption Data Compared to an Empty Tank, T = 80 K 
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Carbon H and I Adsorption Data Compared to an Empty Tank, T = 80 K 
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4.3 Carbon Desorption Test Results 

Desorption data for the ten tested carbons are shown in Figures 4.16 through 4.28. 
These data are shown compared to data from an empty tank of the same volume'2. 
The abscissa has been reversed on these plots in order to differentiate them from the 
adsorption plots. 

The data shown in Figures 4.16 through 4.28, like the adsorption data, have not been 
corrected for the (small) volumes of the tank ullage and of the lines leading from the 
tank. These data were corrected to account for these ullages in order to effectively 
compare the quantity of hydrogen that would be available from a carbon-filled tank 
to that available from an empty tank. The method used to make these corrections is 
described in Appendix G, and the results reflecting these corrections are shown in 
Section 4.4. 

A careful comparison of the adsorption data end points with the desorption data 
initial points will show that the mass values for any particular carbon at a particular 
temperature are slightly different. This is because the desorption system volume (the 
tank plus the exit lines) is slightly larger than the adsorption system volume (tank 
plus inlet line). Therefore, while the adsorption and desorption data are typically 
from the same "run" (described in Section 3.2), the last adsorption data point is not 
the same as the fmt desorption data point. This makes difficult a direct comparison 
of the adsorption and desorption data in order to quantify the hysteresis 
characteristics of a particular carbon. 

There does, however, appear to be some hysteresis with some of the carbons. For 
example, a comparison of the adsorption and desorption curves for Carbon G at 190 
K (Figures 4.9 and 4.23) shows that between 100 and 1000 psi, the slope of the 
desorption curve is generally less than the slope of the adsorption curve. 

'* See Appendix F for a description of the curve fit. 
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4.4 The Usable Capacity Ratio 

Different techniques have been used to describe the hydrogen adsorptioddesorption 
characteristics of carbons. In one technique, assumptions are made regarding the 
skeletal densityI3 of the carbon particles, which density is then used to calculate the 
hydrogen adsorption/desorption of the carbon alone (from experimental data 
reflecting necessarily, a composite of particles and the void spaces). While this 
method can be a useful tool for direct experimental comparison of carbons created 
(for example) by different manufacturing techniques, the calculation of the quantity 
of hydrogen actually sorbed by the carbon suffers from any inaccuracy in the 
assumption of skeletal density. The skeletal density assumption becomes even more 
important when experimental results are extrapolated to higher bulk densities (tighter 
packing of the particles). Because of this limitation, we developed a different 
technique to analyze the data, 

The analysis technique we developed for this study makes no assumption as to the 
skeletal density of the carbon particles. We compare the hydrogen delivery 
properties of a bulk volume of carbon (particles with, presumably, void spaces within 
them, plus the void spaces between the particles) with those of an equivalent empty 
volume. While it is fair to say that bulk sorption properties of some of the tested 
carbons could probably be improved by closer packing of the particles, it is not clear 
at what point increased packing density will do more harm than good. As particles 
are packed more tightly, there can be less carbon surface readily available to the 
hydrogen, and the sorption kinetics could suffer. The data analysis model we 
developed does allow predictive comparisons to be made, that is "how might a 

l3 Skeletal density is sometimes expressed in the literature in two ways. The more proper, but less 
useful definition follows the classic convention for density expression as mass per unit volume 
(e-g.: g/cm3) . Using this definition, the 'skeletal density' of a particle refers to the density of the 
'skeleton' of the particle, Le. the density of the solid material portion of the (often amorphous) 
particle. For carbon particles, this skeletal density is usually estimated as -2glcm3 (graphite density 
is 2.08 g/cm3). 

The second, more common use of "skeletal density' (which we have used) is to define it as the 
fraction of internal volume taken up by solid carbon, expressed as a percent. For a volume full of 
carbon particles, then, the total void space includes both the voids within the particles and the 
voids between the particles. 

Bulk Density 
Solid Carbon Density 

Skeletal Density = 

This skeletal density is then used to define the void space in the powder b y  

Void space (percentage) = 100 - Skeletat Density 



carbon-filled tank perform (compared to an empty tank) if the packing density of the 
carbon were increased and "specific sorption" (sorption per unit mass) were not 
affected. Results of these predictions are included in Section 4.4.1, but our limited 
confidence in these predictions should be kept in mind. 

The Usable Capacity Ratio (UCR) measure that we have developed is the mass ratio 
of hydrogen available from a carbon-filled tank to the hydrogen available from an 
"empty" (non carbon-filled) tank of the same volume. The experimental value of this 
ratio depends, for a given temperature, on the initial and final pressures between 
which the hydrogen is removed from the tank. 

Figure 4.29 illustrates the method used to calculate the Usable Capacity Ratio from 
the desorption data presented in Section 4.3. Line A represents the desorption data 
for a carbon-filled tank, and line B those of the empty tank (both at the same 
temperature). P, and P2 are two discrete pressures which define the quantities, M,,, 
Mi,, M2,, and M2E. M,, is the mass of hydrogen in a carbon-filled tank at P,, and 
Mi, the mass of hydrogen in a same-volume empty tank at P,. M,, and M,, are 
similarly defined by P,. 

If P, is the maximum working pressure of a tank (in a practical application), and P, 
the minimum discharge pressure of the system employing the tank, then the Usable 
Capacity Ratio may be defined as: 

This ratio is a succinct indicator of the (hydrogen storage) benefit obtained by filling 
a particular storage tank with carbon. A storage system designer can easily use this 
ratio to evaluate the benefit of adding carbon to a storage tank that is designed to 
operate at specific maximum working and minimum discharge pressures. 

The UCR was calculated as a function of pressure from the carbon desorption data, 
using a data reduction model (fully described in Appendix G) to first eliminate the 
hydrogen contained in the tank ullage and the exit lines. The results are shown in 
Figures 4.30 through 4.42. In these figures, all the data points correspond to the 
desorption data points shown in the previous section. 

The very significant benefit of carbon sorption for hydrogen storage at low pressures 
is evident from these figures. For most of the carbons tested, the UCR increases 
rapidly as P, is decreased, even at ambient temperatures. Conversely, these figures 

(text continued on p. 70 ) 
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(cont. from p. 55 ) 
show that, for most of the carbons tested, the benefit of carbon sorption is greatly 
reduced at higher pressures. The relative advantage of low-pressure carbon sorption 
has, in the past, led to the argument in favor of low-pressure hydrogen storage using 
carbon sorption. 

Advocates of carbon sorbents have suggested (largely because carbon sorbents 
increase the system volumetric density of CHG storage & at low pressures) that 
vehicular CHG storage systems should be designed at low pressures (say, around 800 
psi). The following arguments, all of them specious, have been offered to support 
this position: 

1. Low-pressure CHG tanks weigh less than high-pressure CHG tanks - Of course 
they do, but they also hold less hydrogen. For a given type of tank 
construction, the maximum working pressure (and hence, the mass of hydrogen 
stored) is roughly proportional to the weight of the tank. If system weight were 
the only criterion, one could reasonably argue for either low-pressure CHG or 
high-pressure CHG. 

CHG storage systems, however, are not weight-limited. They are, in fact, 
volume-limited. Thus, an $00-psi CHG tank of a given volume cannot be 
justified over a 3,000-psi tank of thk same volume, even if the inclusion of a 
carbon sorbent in that 800-psi tank gave it the same hydrogen capacity as a 
1,200-psi tank of the same volume. 

2. Low-pressure CHG tanks need not be cylindrical; they can be shaped to 
conform to the space available within a vehicle - While tanks of, say, elliptical 
cross-section are technically possible at 800 psi, these are much more difficult 
and expensive to make than are cylindrical tanks. Tanks that have the same 
shape as, say, an automotive gasoline tank are virtually out of the question at 
pressures above 100 psi; for reasons of stress concentration, pressure vessels are 
not designed with corners. 

3. Low-pressure CHG tanks are allowed in places (such as bridges and tunnels) 
where high-pressure CHG tanks are not allowed - We made a number of 
telephone inquiries to various bridge and tunnel authorities, and found that there 
may be places that neither low-pressure CHG tanks nor high-pressure CHG 
tanks can go, but no places where CHG tanks below a pressure limit are 
allowed and CHG tanks above that pressure limit are not allowed. 

Thus, while there may be non-vehicular hydrogen storage applications that are not 
sensitive to volumetric density, and low-pressure CHG storage with carbon sorbents 
may be useful in these applications, only high-pressure CHG storage makes sense 
aboard vehicles. Until carbon sorbents are found that can improve the volumetric 
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efficiency of high-pressure CHG storage, carbon sorbents have no place in fuel tanks 
aboard fuel cell vehicles. 

A case can be made, however, for low-pressure CHG storage as a buffer between an 
on-board fuel processor (reformer plus shift reactors) and the fuel cell, and a case can 
be made for including carbon sorbents in these hydrogen buffer vessels. The 
hydrogen buffer might store enough hydrogen to power a fuel cell vehicle for a mile 
or two, not for the full range of the vehicle, and even at low pressure the required 
vessel might not be very large. In this application, the ability to dispense with a 
compressor might argue strongly in favor of low-pressure CHG storage, perhaps with 
a carbon sorbent. 

There were two encouraging results from this test program: 

1. 

2. 

One of the tested carbons, Carbon E, had a UCR significantly greater than 1 
at 2500 psi' and 300 K. The fact that the carbon that worked the best at high 
pressure did so at ambient temperature (as well as at 190 K) bodes well for 
those vehicular hydrogen storage applications that can not tolerate cryogenic 
operation. Vehicular hydrogen storage applications that & not tolerate 
cryogenic operation (that is, ambient temperature CHG) currently outnumber 
those that do tolerate cryogenic operation (that is, cryogenic CHG and LH,) in 
the U.S.; the same is true of vehicular natural gas storage applications. 

Carbon E was selected (by its manufacturer, for submittal to our testing 
program) from twenty or so similar carbons on the basis of its capacity to 
adsorb methane. Had that selection process been made on the basis of the 
carbons' ability to adsorb hvdrogen, it may well have been that we would 
have been presented with a carbon that outperformed Carbon E. 

It is interesting to compare Figures 4.32, 4.36, and 4.40, which present the UCR of 
Carbon E at 80 K, 190 K, and 300 K, respectively. Carbon E demonstrated the best 
UCR of any carbon tested at 190 K and 300 K, but its performance at 80 K suggests 
that an empty tank would perform better at that temperature. There are two reasons 
for this apparent discrepancy: 

1. The UCR is the p& of the performance of the carbon-fdled tank to the 
empty tank. At 80 K, an empty tank (the denominator in the UCR) performs 
very well - over twice as well as it does at 190 K. For carbon E's UCR at 80 
K to match that at 190 K, Carbon E (the numerator in the UCR) would also 
have to perform over twice as well at 80 K as at 190 K. It cannot do that, 
because Carbon E, like any carbon (and like any sorbent), can only hold so 
much hydrogen; that is, it saturates. Perhaps no carbon could perform at 80 K 
twice as well as does Carbon E at 190 K. 

l4 2500 psi maximum working pressure and a very reasonable system withdrawal pressure of 60 
psia. 
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2. The UCR depends on Withdrawal Pressure (P2, or minimum discharge pressure, 
or minimum delivery pressure) as well as on Maximum Working Pressure (Pl, 
or peak storage pressure). As the storage temperature decreases, the hydrogen 
that Carbon E can adsorb at any given pressure increases. Thus, as the storage 
temperature decreases, the hydrogen that Carbon E can adsorb at the 
Withdrawal Pressure also increases. But hydrogen stored at the Withdrawal 
Pressure is hydrogen that cannot be delivered from storage; this is hydrogen that 
stays stored. 

This explains why, at a Maximum Working Pressure of 1000 psi and a Withdrawal 
Pressure of 60 psia, the inclusion of Carbon E can be justified at 300 K (UCR = 1.2) 
and at 190 K (UCR = 1.6), but not at 80 K (UCR = 0.6). 

While Figures 4.30 through 4.42 present a comprehensive comparison of the different 
carbons tested, it is also sometimes desirable to have a simpler method of 
comparison. Figures 4.43,4.44, and 4.45 compare the UCR of all the carbons tested 
at three pressures and three temperatures. 

Figure 4.43 shows that the carbons that were "designed" for low temperature (Carbon 
A-D) were, in general, better than the other carbons at 500 psi but roughly equal at 
higher pressures. At 190 K and 300 K (Figures 4.44 and 4.45) Carbon E clearly had 
the greatest UCR of all the carbons tested. 

It is unfortunate that we did not take accurate data at 190 K and 300 K for Carbons 
A-D. We did, however, perform a few "shake-down" runs with Carbon A at ambient 
temperature. Since the instrumentation was not calibrated at that time, we have not 
included the results in graphical form, nor included them in the UCR comparisons. 
We did find, however, using same-day comparisons of an empty tank and a carbon 
filled one, that at 300 K a small increase in storage capacity was obtained at low 
pressure, as shown in Table 4.1. 

Table 4.1: Carbon A Absomtion/Desomtion-Approximate Results at 300 K . .  

5 - 1000 
lo00 - 2000 

+5 to +lo% 

-5 to 0% 

These results are similar to those of many of the other tested carbons, except Carbon 
E which, at 300 K, absorbed substantially more than the other carbons over these 
pressure ranges. 
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The reasons for the apparent exemplary performance of Carbon E were not 
investigated in this program. We, by specific agreement with the carbon suppliers, 
did not subject any of the carbons to any type of microscopic, chemical, or skeletal 
analysis. We did, however, note the bulk properties of the carbons, and believe that 
the high as-te~ted'~ density of Carbon E contributed significantly to its hydrogen 
sorption properties.16 

"As noted in section 3.2, we did not densly pack any of the carbons into the test vessels. Carbon E, 
however, was put into the test vessel by its manufacturer and may have been tightly packed. 

16Note, however, that Carbons F and J had similar high bulk densities. 
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Carbon 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

UCR 
8 500 psi '. 

r'y 
1.2 

NA 

1.1 

0.9 

0.6 

1.1 

0.9 

0.9 

0.9 

0.9 

0.8 

1 .o 

0.9 

0.6 

0.6 

0.9 

0.9 

0.8 

0.7 

UCR 
8 2000 psi '* 

0.8 

0.8 

0.8 

0.7 

0.6 

0.6 

0.8 

0.9 

0.7 

0.7 

Notes 1. Maximum working pressure (withdrawal pressure = 60 psia). 

Figure 4.43 Usable Capacity Ratio (UCR) Comparison at T= 80 K 
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Carbon UCR UCR UCR 
8 500 psi '- @ 1000 psi '. @ 2000 psi '* 

A NT NT NT 

B NT NT NT 

C NT NT NT 

D NT NT NT 

E 

F 

G 

H 

I 

J 

2.3 3. 

1.3 1 .o 0.8 

1.3 1 .I 1 .o 

1 .o 1 .o 0.9 

1.4 

1.4 

1.2 

1 .I 

1.0 

0.9 

Note: 1. Maximum working pressure (withdrawal pressure = 60 psia). 
2. Not tested at this temperature. Carbon designed for 80 K. 
3. Estimated 

Figure 4.44 Usable Capacity Ratio (UCR) Comparison at T = 190 K 
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Carbon 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

UCR 
8 500 psi '* 

NT 2. 

NT 

NT 

NT 

1.4 

1.1 

1.2 

1 .o 

1.1 

NA 

UCR 
8 1000 psi '* 

NT 

NT 

NT 

NT 

1-1 

11.11 

1 7 1  

1 .o 

1 .o 

NA 

UCR 
@ 2000 psi '* 

NT 

NT 

NT 

NT 

11 
0.9 

1.0 

1 .o 

11.11 
NA 

Note: 1. Maximum working pressure (withdrawal pressure = 60 psia). 
2. Not tested at this temperature. Carbon designed for 80 K. 

Figure 4.45 Usable Capacity Ratio (UCR) Comparison at T = 300 K 
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4,4.1 Carbon Densify Effect on UCR 

The bulk density of the tested carbons is shown in Figure 4.1. Because the densities 
of the other carbons were much less than the densities of carbons E, F, and J, it is 
interesting to speculate how other carbons would perform if they were compressed to 
higher bulk densities and if the specific sorption properties were not affected by this 
compression. Figures 4.46 and 4.47 show the results of these predictions under the 
indicated conditions. It is clear that the predicted improvements are sufficient to 
warrant actual testing of the carbons at the increased densities. This testing, while 
not within the scope of this project, should perhaps be done. 

It is important to remember, though, that increasing the carbon density can only 
improve the hydrogen storage performance at pressures low enough that the inclusion 
of carbon does indeed confer an advantage over an empty tank. At pressures high 
enough that the inclusion of carbon cannot be justified, the inclusion of even more 
carbon can be justified even less. 
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Carbon I at T = 300 K I 
1.9 

1.7 

Q 

c 
2 

2 

1.5 
E 
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0 
y 1.1 

m 
3 

0.9 

0.7 

0 5  

If Carbon Bulk Density Were Doubled 

(and still maintained the  same specific adsorbtion rate) 

- 

-0- P2 =22 psia 
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500 1000 1500 2000 2500 3000 
P1 (psia) 

Figure 4.46 The Usable Capacity Ratio, Carbon I, High Density 
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Carbon G at T = 300 K 
If Carbon Bulk Density Were Doubled 
(and still maintained the  same specific adsorption rate) 

1,9 

1.7 

-- 

-- 

0.7 

0.5 

500 1000 1500 2000 2500 3000 
P1 (psi) 

Figure 4.47 The Usable Capacity Ratio, Carbon G, High Density 
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4.5 Carbon Poisoning 
Carbon E was intentionally exposed to air to determine if such exposure adversely 
affected its performance as a sorbent. In a subsequent test, Carbon E was 
intentionally exposed to butane, because the carbon manufacturer advised that butane, 
of the gases likely to be found in a reformer effluent stream, would have the 
strongest poisoning effect. 

Figure 4.48 shows essentially no change to the 190 K adsorption curve for this 
carbon after exposure to air. The air exposure procedure was to evacuate the carbon- 
filled tank (at ambient temperature) and to then slowly allow room air into the tank 
until the pressure equaled 1 atmosphere. After a 12 hour wait, the tank was again 
evacuated, but no heat was applied (normal degassing procedure includes heating the 
carbon). The carbon was then re-tested at 190 K with the results shown in Figure 
4.48. 

Poisoning with butane was accomplished in the same manner as with air. The 
bottom curve in Figure 4.49 shows the adsorption results after initial poisoning. The 
exposure to butane clearly affected the adsorption properties of this carbon (at least at 
the test temperature of 190 K). After poisoning with buthe, the carbon was 
subjected to the normal de-gassing procedure (4 hours under vacuum) at 150°C and 
then re-tested. This procedure was repeated three additional times using heating 
temperatures of 150"C, 200"C, and 250°C. Figure 4.49 shows the measured 
adsorptive properties after each of these regenerations. It appears that: 

0 

0 

0 

Regeneration at 150°C only partially restored the adsorptive capacity of this 
carbon, even with two 4-hour heatings, 
A subsequent heating to 200°C did restore most of the adsorptive capacity, 
Heating to 250°C resulted in little or no improvement in adsorptive capacity 
above that obtained by heating to 200°C. 

4.6 Cost of Carbon 

The initial cost of any given carbon depends on the scale on which it is being 
prepared. When a carbon is being made in the laboratory, the cost of preparing a 
one-liter sample for us might be something of an imposition. The initial cost of that 
same carbon decreases markedly when it is made in a pilot plant, and decreases again 
to several dollars per pound when it is manufactured as a commodity. 

The life cost of a carbon depends, additionally, on how often it must be replaced; for 
this we have no data, for we saw little point in life-cycling a carbon with inadequate 
performance. 
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Figure 4.48 Adsorption Comparison After Poisoning With Air 

81 



35 T 

30 

25 
n 
0 
c 
v 

I 

10 

5 

0 

1 Non .poisoned Carbon 

Regeneration at 250 C 

Regeneration at 200 C 

2nd regeneration at 150 C 

/ 

A 

1 st regeneration at 150 C 

Empty Tank 

Butane Poisoned 

T=190 K 

1 I I I 
I I 

0 500 1000 1500 2000 
P(psia) 

2500 

Figure 4.49 
Adsorption of Carbon E After Butane Poisoning and Regeneration 
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Life cost depends too on operational costs associated with use; for example, if the 
carbon can only be contained within the tank by use of a filter, the cost of replacing 
that filter must be considered. Changing a filter in a hydrogen line is more involved 
than changing an oil filter on an automobile; the filter must be isolated with valves, 
the hydrogen between those valves must be vented, the old filter must be removed 
and the new one installed, the space between the isolation valves must be evacuated, 
and the isolation valves must be opened. 

4.7 Adverse Features of Carbon 

Weight - Whatever benefit the inclusion of carbon may or may not confer on the 
volumetric density of a CHG system, it is likely to degrade the gravimetric density. 
For example, at pressures equal to or greater than the "crossover point" that is so 
evident on Figures 4.2 and 4.4, the carbon-filled tank holds the same or less 
hydrogen than does the empty tank but weighs more (by the weight of the carbon). 
Even in a situation that is favorable to the inclusion of carbon, such as a UCR of 1.6 
(Carbon E at 190 K with a Maximum Working Pressure of lo00 psi and a 
Withdrawal Pressure of 60 psia, Figure 4.36), the gravimetric density of the 
carbon-filled tank can only beat that of the empty tank if the carbon weighs less than 
60% as much as does the empty tank. 

Fragility - A vehicular storage system will be subject to both shock and vibration. If 
either shock or vibration is capable of breaking up the particles, or of abrading the 
particles by virtue of their rubbing against one another, then the tank will be filled 
with increasingly finer carbon powder. This will increase the pressure drop within 
the carbon bed, with possibly decreased reaction kinetics. Also, it will make the 
carbon powder more easily elutriated by the discharging hydrogen and thus 
transported to the filter, which will then become clogged sooner. We tested no 
carbon sample for its ability to withstand shock and vibration, because we saw little 
point in such tests on carbons which were otherwise unsuited for vehicular hydrogen 
storage. 

Galvanic Attack on Aluminum Liner - If the hydrogen is contaminated with any 
moisture (and even the purest hydrogen contains some moisture), then any carbon 
that touches the aluminum liner will comprise a galvanic cell, to the detriment of that 
aluminum liner. This galvanic attack can be prevented by lining the liner with an 
electrically insulative coating, which is not expensive (all aluminum beer cans have 
such a coating), but the ability of such a coating to withstand the abrasive attack of 
vibrating carbon particles remains to be established. 
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5.0 Advanced Tanks for Cold Storage 

5.1 Objective 

The objective of the advanced tank design program was to d e t e m e  the practicality 
of a high-pressure, low-temperature storage tank capable of carbon containment for 
storage enhancement. The usefulness of carbon adsorption at high pressures has yet 
to be established, but we chose a relatively high-pressure system because 
low-temperature operation is equally applicable to an empty tank. 

The specific steps of the design program were to: 

0 Design and construct a prototype aluminum-lined, carbon-composite-wrapped 
pressure vessel designed to hold 3000 psig at temperatures between 80 K and 
320 K. 
Pressure/temperature cycle test representative cylinders. 
Subject a pressurdtemperature cycled tank to burst testing. 
Subject several as-built tanks to NGV2 testing. 

5.2 Compressed Hydrogen 

There is a substantial rationale for considering compressed hydrogen as a storage 
technology: 

0 

0 

0 

0 

0 

It is conceptually the simplest on-board storage system; 
Nearly 100% of the contents are available on demand without dynamic, kinetic, 
or energy addition considerations; 
There is a well-documented design/material/certification basis for commercial, 
vehicular, and aerospace applications; 
Considerable R&D and commercialization leverage can be gained fiom current 
natural gas vehicle activity including plastic liners and advanced composite tank 
development; and 
A high potential exists for aerospace technology transfer and greater utilization 
of the defense production base. 

Compressed cylinder efficiency can be measured by the performance factor (P.F.): 

P.F. = p,V/W where 

p,, = Burst Pressure 
V = Internal Volume 

W = Total Weight 

For a given temperature, burst pressure, and safety factor, the specific volume of H, 
is known. Also for a given volume and material/technology, vessel weight is 
proportional to pressure (this assumes a thin-walled container). This means that the 
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weight of a compressed cylinder can only be optimized by selection of 
materialkchnology. 
The weight of compressed gas systems can be reduced greatly by using advanced 
materials, such as carbon-graphite composite, for the storage cylinders. The benefits 
of composites include: 

Working pressure: 

Temperature range: 

Construction: 

Size: 

Greatly improved strength, 
Uniformity of properties in the finished article, and 
Tailoring of windings to provide greater strength in required directions (Le., 
hoop). 

3000 psig 

80 K - 320 K 

Thin aluminum liner, full wrap of carbon 
composite, optional outer glass wrap 

1900 in3 (10.1' O.D., 34.4' long), 32 Ib 

The magnitude of the increase in performance factor for advanced tanks is illustrated 
in Figure 5.1; the performance factor for advanced designs can reach nine times that 
of steel tanks and almost six times that of aluminum tanks. Furthermore, cold 
compressed vapor at 150 K will have twice the density of ambient temperature 
compressed vapor. It does so, however, at the cost of additional equipment at the 
refueling station: a multi-stage, intercooled compressor, a cascaded refrigeration 
system, and multiple high-pressure heat exchangers. Also, the vehicle tank must be 
both vacuum-insulated and capable of containing high-pressure. Whenever hydrogen 
is stored at reduced temperatures, dormancy of the system becomes an issue. 

5.3 Design Concept of Advanced Cylinder 

The operating parameters chosen for the advanced tank design are shown in Table 
5.1. 

Table 5:l Advanced Tank Design Parameters 

0.5 kg Q 3000 psig, 300 K (empty) I 2.0 kg Q 3000 psig, 78 K (empty) 

Insulation 
Foam or vacuum as appropriate - one hour dormancy per inch of foam (radius) 
- roughly eight hours dormancy with vacuum 
jacket 
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Figure 5.1 : Comparison of Tank Performance Factors for Various Materials/ 
Tech nolog ies 
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Two additional features of the tank design merit discussion: 

1. DifSerentiuZ expansion - The coefficients of thermal expansion for aluminum, 
carbon fiber, and epoxy resin differ enough that the stresses engendered by the 
wide range of operating temperature associated with low temperature carbon 
sorbents can be considerable. These stresses are compounded with the pressure 
stresses, and are compounded further by cyclic operation, which induces fatigue 
in the metallic liner. This problem needs to be (and was) addressed by the 
specific tank design. 

2. Galvanic corrosion - Carbon and aluminum, in the presence of an electrolyte 
(such as water with almost anythmg dissolved in it), constitute a galvanic cell. 
Carbon composite tanks are routinely designed with an electrically insulative 
material between the aluminum liner and the carbon wrap in order to negate 
galvanic action there, but a carbon-filled, aluminum-lined vessel will corrode an 
aluminum liner from the inside unless galvanic action is similarly prevented. A 
tank designed to hold carbon should include an electrically insulative coating on 
the inside of the aluminum liner, sufficiently durable to withstand the abrasive 
attack of carbon granules under the shock and vibration associated with road 
transportation. 

5.4 Tank Construction 

An RFP was issued for a subcontract to fabricate the tanks. The four selected 
solicitors and their responses are shown in Table 5.2. 

Table 5.2 Subcontractor Responses 

GenCorp Aerojet 

Compositek 

Bruns wick 

Said they would bid, then declined saying effort 
would compromise staff assigned to CNG tank 
development project and that technical risks 
would require mitigation in advance. 

~~ ~ ~ ~ 

Declined but wrote 'non-proposal' advocating 
6061 -T6, Siloxirane, carbon overwrap, linerhvrap 
barrier; overlooked insulation. 

~~ 

Did not respond at all. 
~~~ ~~ 

Structural Composites Industries (SCr) I Responded and subcontract negotiated. 
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5.5 Pressurefremperature Cycle Testing. 

Size: VOI (in3) 
OD (in) 

Weight (Ib) 

Rated Burst Pressure (psi) 

(Pb vM3 (in) 

Length (in) 

Performance Factor 

Pressure and temperature cycle tests were conducted in two stages. The first stage 
was completed using two 150 in3 (nominal) tanks and a temperature of 150K. The 
second stage used a full size (1900 ih3) tank and was accomplished at 80K. 

157 145 
4.67 4.3 
15.27 15.2 

5.73 2.2 

10,153 9,000 

278,000 593,000 

5.5.7 Firsf Sfage Testing 

Figure 5.2 shows the hydrostatic test apparatus that was constructed for the 
preliminary test series. Table 5.3 describes the two tanks that were tested in this 
phase. 

Table 5.3 Tank Performance Factors 

Construction I Full graphite and glass wrap I Full graphite wrap 11 

It is clear from Table 5.3 that the outer glass wrap of the AC-5099 tank is relatively 
heavy and reduces the performance factor substantially. Offsetting this is the 
increased abrasion resistance of the glass outer covering. 

Table 5.4 shows the specifics of the pressure and temperature cycles to which the 
two 150 in3 tanks were subjected. 
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Table 5.4 Pressure and Temperature Cycles 

Temperature Cycle Range 

Number of Temperature Cycles 

Pressure Cycles Range 

Number of pressure cycles 63 
150K 

150K - 300K 150 K - 300K 
5 3 

0 - 3000 psi 0 - 3000 psi 

92 80 

No leakage was observed during the testing and no visible damage to either tank 
occurred. 

5.5.2 Second Stage Testing 

A liquid is desirable for tank pressure testing for safety reasons. A tank failure at 
high pressure, while using an incompressible fluid, is much less likely to result in 
"shrapnel" than if a compressible fluid (gas) is used, because the liquid need to 
expand only a little before its pressure is reduced to atmospheric. 

Figure 5.3 shows the hydrostatic test apparatus used for the low temperature (8OK) 
testing. This more complicated system (than the system used for First Stage testing, 
Fig. 5.2) was required because very few liquids are readily available at near- 
atmospheric pressure and 80K liquid nitrogen is the least expensive alternative but it 
is near saturation at these conditions. 

A complication arises when hydrostatic pressure testing is done with a cryogenic 
liquid such as liquid nitrogen (LN2) because of the possibility that the liquid will 
become saturated at pressure, so that it would flash if depressurized. Figure 5.4 
shows a typical pressure/enthalpy diagram, used to illustrate this process. If 
hydrostatic pressure testing is done with a fluid under conditions far removed from 
saturation, such as with water at ambient temperatures, then the fluid will remain a 
liquid. This is depicted on the P-h diagram as cycling between points A and B. 
However, if near saturated liquid (point C) is compressed 
(very likely when using a cryogen), the compressed liquid can easily reach a state 
represented by point D. This is a dangerous situation because a tank failure will 
result in the fluid progressing to state E, at which point it is no longer all liquid and 
a shrapnel-producing failure sequence is possible. 

heat is added to it, 
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Much of the complexity of the system shown in Figure 5.3 was intended to: 

reduce the initial enthalpy of the liquid (subcool it) as it was put into the tank 
and 
reduce the heat transfer to the tanks during the testing. Both of these objectives 
were accomplished using the same subcooling loop shown in Figure 5.3. A 
rather lengthy cool-down transient resulted from the physical separation of the 
control valves and the tanks itself (for operational safety), but after this initial 
transient the system performed very well. Table 5.5 shows the specifications 
of the tested tank and Table 5.6 shows the specifics of the pressure and 
temperature cycles of the test. 

Table 5.5 Specifications of Tank Tested at 80 K 

Table 5.6 Specifics of the 80 K Pressure/Temperature Tank Test 

Number of pressure cycles @ 80K 

91 



I 
I 
I 
I 

Valve Expansion 
Valve I 

I 
I Tank : Shroud 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Vent 
Valve ) 

I 
I 
I 

pressurizing 
I Valve 

4 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- ,  
r 

'-0 I 
I 
I 
I 
I 

1 1  

Air Heat 
Exchanger 

Pre-Cool 
Valve 

CN* 
6000 
psi 

T - Temperature 
P - Pressure 
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5.6 NGV2 Testing 

Ambient cycle 

Ambient cycle 

10' Drop test 

Cycle-to-failure after 
drop test 

Gunfire test 

The four tanks shipped to us by SCI bore serial numbers 004,005, 008, and 010. 
Other tanks, made at the same time to the same specifications, were tested according 
to the ANSUAGA NGV2-1992 standard, "Basic Requirements for Compressed 
Natural Gas Vehicle (NGV) Fuel Containers." This standard is quite extensive and 
the results are shown in Table 5.7. 

006 

'007 

'01 3 
'01 4 

'013 
'01 4 

003 

Table 5.7 Summary of Test Results 

I Hydrotest I All 

Bonfire test I 009 

Passed 

Failed @ 4284- of second stage (4500 psi), after 
13,000- of first staae (3600 mil 

Failed @ 623-of second stage (4500 psi), after 
13,000- of first stage (3600 psi) 
Sustained damage to overwrap (noticable flat 
impact points on vessels) . 
Passed - 19,106- to failure (1,500- required) 
Passed - 4.840- to failure I1.500- rewired) 

Passed 

Passed 

* Contained glass overwrap for enhanced damage tolerance 

As can be seen, the tested tanks failed only the Ambient Cycle Test, which required 
13,000 cycles from 0-3,600 psig (1.0 x design pressure) followed by 5,000 cycles 
from 04,500 psig (1.25 x design pressure). Had these tanks been tested at 3,000 
instead of 3,600 psig, the tanks would likely have passed the complete NGV2 test 
criteria. In that the original design objective was for a 3000 psi tanks, as specified in 
the Request for Proposals sent to the four vendors shown in Table 5.2, the results of 
the NGV2 tests are considered quite good. 

The tank that we subjected to pressure/temperature cycling, S/N 005, was returned to 
SCI for a burst test. It burst at 11,242 psig. 

"Serial number (AC 5257-m). 

94 



5.7 Tank Safety Factor 

The design of a compressed gas storage tank is strongly influenced by the safety 
factor used. Tank safety factors define the relationship between the tank design burst 
pressure and the maximum allowable operating pressure. Thus, a 3000 psi operating 
pressure tank with a safety factor of 3 is actually designed not to fail (i.e., rupture or 
leak) below a pressure of 9000 psi. Tanks can be designed to leak before they burst; 
indeed SCI designs all its tanks to do so. Three main factors influence the level of 
safety factor: (a) manufacturing tolerances, (b) uniformity of material properties, and 
(c) degree of post-fabrication non-destructive testing. Currently, the Department of 
Transportation (DOT) requires a safety factor of around 3 for all vehicular pressure 
vessels. However, as pressure tanks move into mass production, increased quality 
control through the use of more automated production techniques and non-destructive 
diagnostics should greatly reduce the tank performance uncertainty which determines 
the required level of safety factor. Consequently, the future required structural safety 
factor may be reduced, thereby significantly decreasing tank weight. 

Figure 5.5 depicts the weight and volume for a wide range of pressurized systems 
and safety factors. Four levels of safety factor are of importance: 

SF = 3.0-4.0: Current design requirements for non-composite pressure vessel 
transport. 

SF = 2.25: The natural gas industry lobbying goal for automotive 
compressed natural gas (CNG) cylinders'*. 

SF = 2.0: 

SF = 1.5: 

Typical military ground equipment requirement. 

Military aircraft and submarine requirement for critical load 
bearing structures. 

It is clear from Figure 5.5 that a modest reduction in SF can result in a substantial 
increase in gravimetric and volumetric density, two of the important measurement 
criteria for on-board storage systems. 

5.8 Tank Insulation 

A cold pressure vessel, left dormant, will eventually warm up, thus increasing the 
pressure of the contents. This is a problem only between the time the vehicle is 
fueled and the time at which it begins to operate (or otherwise remove hydrogen 

'* The US National Highway Traffic Safety Administration (NHTSA), in November, 1994, issued its 
final safety standard for CG storage cylinders that requires SF=3.33 for Type 3 and 4 tanks (full 
wraps) carbon fiber and SF=2.5 for Type 2 (hoop wrap) carbon fiber tanks. 

95 



from the pressure vessel). If a 3000 psig tank is filled to 2700 psig (10% pressure 
margin) at 150 K, its allowed dormancy period (that is, the period of time it will take 
for it to reach 3000 psig) will be roughly one hour for each inch of high-quality foam 
insulation applied to the radius of the cylinder. 

However, too much foam insulation would add excessive volume to the hydrogen 
storage system, thus negating the increase in system volumetric density by the low 
temperature. A practical limit, for a 16" diameter pressure vessel, would be roughly 
four inches of insulation, which would afford a four-hour dormancy period. Greater 
dormancy period than four hours would require either a greater pressure margin (thus 
a lower system volumetric density) or vacuum insulation. 

It should be noted that a vacuum-insulated CHG tank presents design challenges not 
found in vacuum-insulated LH, tanks. Structural members that center the CHG tank 
within the vacuum jacket must be either stronger or more numerous than those found 
in an LH, tank, to accommodate the greater mass of the CHG tank. Also, the fill 
connection, which connects the CHG tank with the fill connection outside the 
vacuum jacket, must be thicker than its counterpart in an LH2 tank, in order to 
accommodate the greater pressure at which the CHG tank must operate. Both the 
centering structural members and the fder  neck present paths for thermal infiltration, 
and the thermal infiltration through the (stronger or more numerous) CHG structural 
members and the (thicker) CHG filler neck make it impossible for the CHG tank to 
match the low thermal infiltration of the LH, tank. 
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6.0 Vehicle System Design 

6.1 Objective 

A low-temperature compressed gas storage system can have favorable gravimetric 
and volumetric storage densities, as was noted in Figure 5.5. One of the challenges 
of such a system is, however, to keep the cost down. A survey of commercial 
catalogs showed that components such as valves and regulators that are designed to 
operate at both high pressure and low temperature are substantially more expensive 
(when, indeed, they can be found at all) than those designed to operate at just one 
extreme. Therefore, in addition to the primary design objective of a safe, versatile, 
lightweight system, a major goal of the vehicle system design was to eliminate the 
need for expensive or unavailable components: those that would be subjected to both 
high pressure and low temperature. Figures 6.1 and 6.2 present a system that has no 
components other than heat exchangers that must tolerate both high pressure and low 
temperature. 

6.2 Design Description 

Figures 6.1 and 6.2 show the overall system design and the details of the storage 
tanks. It should be noted that: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

The arrangement requires no components other than tubing and tanks to operate 
under conditions of high pressure and low temperature. The "heaters" shown 
may be nothing more than a length of non-insulated tubing. 
Four (though it could be almost any number) individual tanks are manifolded 
together to provide gaseous hydrogen at 50 psig and 70°F for the PEMFC. 
The four tanks are contained in a foam-insulated container equipped with a vent 
system monitored by a H2 detector to warn of any system leaks. 
The tanks operate at 150 K for increased H2 storage capacity. 
All associated valves, gauges, and filters operate at ambient temperature to 
minimize costs and maximize reliability. 
The compressed H2 is cooled by LN, during the charging process. LN, is used 
to precool the tanks, if required. Compressed H2 is heated to ambient 
temperature as it leaves the tank before it flows through the secondary filter and 
flow control valve. 
A cooling shroud surrounding the storage tank also serves as a counterflow heat 
exchanger which cools the compressed H, before it enters the tank. 
The carbon powder bed, in the storage tank, is retained by umbrella-like screens 
which also act to prevent powder removal during operation. 
Each tank is equipped with a burst disc to protect it against overpressure. 
The valving permits the tanks to be discharged sequentially. This permits 
economy in refilling a partially discharged storage system. Less energy of 
compression is required to fill two tanks from 0 to 2000 psi than to fill four 
tanks from 1000 to 2000 psi. 

98 



VENT TO 
ATMOSPERE 

WICK - 
DIscoNNEcT 

FITTINGS 

I I I 

1 
I 
1 . 

. 1 . a 

a a 
S .V. I N .  0 

.............. 
............... 

I a I 
I ! 
I a 
I 
I 
1 

1 

a 
I 

.............. 

! 

HZ LEAK MTECTOR 

2 VEUT 

s.v./u.c. 

s.v.m.c. 
CONDARY 
FILTER 

s.v.m.c. 

. e  
e ' e 

I 
I 

I 
I . a 

r lit AT 
3000 PSI, 70'F 

Figure 6.1. Hydrogen Storage System 

99 



VENT TO 
ATMOSPHERE 

4 
0 
0 

S ;V. /N .O. LNZ 
1 

f RIMARY FILTER 
,ND BED 
'ONT AINMENT 
VP 

\ l 8 U R S T  
DISC 

Nz COOLS- 
TANK THEN 

VENTS 
SCI-ALT 383A 

CARBON FIBER WOUND 
ALUMINUM TANK 

(47 I' 1 G X 14 I' DIA) 

I 

Figure 6.2. Storage Tank Details 

\ \  FILLS TANK 

FILTER 

\ L.- COOLING 
SHROUD 

LFOAM S . V . /N. C; E=$, v$z&, 
S.V.A.0,  SOLENOID VALVE 

NORMALLY opB( 

PRESSURE 
REGULATOR 

EXCESS FLOW VALVE 

1N.C. 

H2 FLOW TO 
PEMFC AT 
50 PSI,  70°F 



6.3 Design Operating Procedures 

6.3.1 Chargjng 

It is assumed that the system is initially at ambient temperature. The changing 
procedure is then: 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 

Connect LN, and compressed LN, lines and pressurize. 
Open inlet valves (LN, & H2) on Tank 1. 
When H, tank pressure is stabilized at 3000 psig close Tank I H2 inlet valve. 
When Tank I temperature is at 150°K close Tank I cooling valve (LN, line). 
Repeat above procedure for tanks 11, 111, IV. 
Cool tanks individually, as required, with LN, flow. 

If the system is initially at near-operating temperature rather than ambient., the only 
change in the procedure is to regulate the LN, flow to minimize LN, consumption. 

6.3.2 Discharging 

The discharge procedure for the system is: 

1.0 

2.0 
3.0 
4.0 

Open discharge valve on Tank 1. Heater will maintain discharge temperature 
at ambient level. 
When Tank I pressure reaches minimum level, close discharge valve. 
Immediately open discharge valve on Tank II. 
Repeat above process until all tanks are discharged. 
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7.0 Accomplishments and Conclusions 

During Phase I of this program, we evaluated all known hydrogen storage 
technologies (including those that are now practiced and those that are 
developmental) in the context of fuel cell vehicles. We determined that among the 
developmental technologies, carbon sorbents could most benefit from closer scrutiny. 

During Phase II of this program, we tested ten different carbon sorbents at various 
practical temperatures and pressures, and developed the concept of the Usable 
Capacity Ratio, which is the ratio of the mass of hydrogen that can be released from 
a carbon-filled tank to the mass of hydrogen that can be released from an empty tank. 

We also commissioned the design, fabrication, and NGV2 testing of an 
aluminm-lined, carbon-composite, full-wrapped pressure vessel to store hydrogen at 
78 K and 3,000 psi. We constructed a facility to pressure cycle the tank at 78K and 
to temperature cycle the tank at 3,000 psi, tested one such tank, and submitted it for 
a burst test. 

Finally, we devised a means by which cryogenic compressed hydrogen gas tanks can 
be filled and discharged using standard hardware - that is, without using filters, 
valves, or pressure regulators that must operate at both low temperature and high 
pressure. 

From our investigation of hydrogen storage technologks in the context of fuel cell 
vehicles, with special emphasis on carbon sorbents and cryogenic pressure vessels, 
we conclude the following: 

1. 

2. 

3. 

Near-term vehicular hydrogen storage systems can use either LH,, CHG, or 
low-temperature metal hydrides. Of these, only LH, can meet the DOE 
Hydrogen Plan goals with respect to gravimetric and volumetric densities. 

Neither high-temperature metal hydrides, nor liquid hydrides, nor polyhydrides, 
nor sponge irodwater qualify as near-term vehicular hydrogen storage 
technologies; further development may or may not qualify them as viable 
vehicular hydrogen storage technologies. 

Most of the carbons tested will adsorb enough hydrogen at low temperatures 
and low pressures (less than 1000 psi) to justify their inclusion in a pressure 
vessel by virtue of increasing volumetric density. However, this does not mean 
that high-pressure CHG vessels should be replaced with low-pressure carbon 
sorbent-filled vessels; no carbon-filled CHG vessel holds as much hydrogen at 
1000 psi as does an empty CHG vessel (of the same volume) at 3000 psi. 
Absent a genuine advantage to low-pressure CHG storage systems (that is, 
absent a reason why any low-pressure CHG storage system cannot be replaced 
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by a high-pressure CHG storage system of the same volume), carbon sorbents 
have yet to demonstmte their utility to vehicular hydrogen storage systems. 

4. For each carbon, at any given temperature, there is a pressure above which the 
inclusion of that carbon in a pressure vessel is detrimental. Above that 
pressure, the carbon adsorbs less hydrogen than would fit as vapor in the space 
occupied by the carbon. 

5. Packing the carbon more densely, thus fitting more carbon particles within a 
given volume, amplifies the benefit afforded by the carbon in the 
pressure/temperature range in which the inclusion of that carbon is beneficial; 
but it does not change the value of the pressure above which the inclusion of 
that carbon in a pressure vessel is detrimental. 

6. Cryogenic CHG storage systems with carbon sorbents can discharge more 
hydrogen when operated with combined pressure/temperature swing (that is, 
when allowed to warm to ambient temperature once depressurized) than when 
operated with pressure swing alone (that is, when kept at cryogenic 
temperature). However, operation with combined pressureltemperature swing 
requires that the carbon sorbent be cryocooled as well as the hydrogen, which 
requires an order of magnitude more energy than is required to cryocool the 
hydrogen alone. Thus, combined pressure/temperature swing operation is 
impractical, and carbon sorbent data based on combined pressure/temperature 
swing operation (as is often published) is inapplicable to practical systems. 

7. Cryogenic Compressed hydrogen gas pressure vessels are technically feasible, 
but their applicability to vehicular hydrogen storage systems suffers fiorn the 
dormancy problem common to liquefied hydrogen vessels. However, that 
dormancy problem is less constricting than is often imagined. 

8. The better a carbon adsorbs hydrogen, the more critical it is to consider the 
minimum delivery pressure. At any minimum delivery pressure other than zero, 
some hydrogen will remain adsorbed by the carbon; this amount can be large 
enough to negate the value of including that carbon in the pressure vessel. 

9. Carbons can be poisoned by impurities (such as hydrocarbons) in the hydrogen, 
but the one carbon we tested in this regard could be substantially regenerated by 
means of simultaneous heating and evacuation. 

10. Issues such as cost, weight, fragility, galvanic attack on aluminum vesselshers, 
and powder containment within the vessel remain to be addressed at such time 
as a carbon is found to have performance that justifies its consideration as a 
sorbent. 
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11. The best carbon we tested had been selected from twenty or so similar carbons 
on the basis of its capacity to adsorb methane. Had that selection process been 
made on the basis of the carbons’ ability to adsorb hydrogen, it may well have 
been that we would have been presented with a carbon that outperfomed any 
we tested. It is quite possible that superior carbon sorbents for hydrogen simply 
remain to be developed. 
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Appendix A 

Hydrogen Storage Systemslg 

There are fundamentally two categories of hydrogen storage systems: (1) those that 
contain hydrogen, and only hydrogen, within a vessel, and (2) those that contain 
hydrogen associated with some other substance within a vessel. The first category 
will be examined in section A.l and the second category will be examined in Section 
A.2. 

A.l Hydrogen Only Storage Systems 

Two classes of hydrogen-only storage systems are generally considered: liquefied and 
compressed. However, a continuum of such systems, as indicated in Figure A.0 
(Reference 2), can be imagined where hydrogen storage density is increased (either 
by a temperature decrease, pressure increase, or both) at the expense of increased 
system "filling" or preparation energy. 

. 

Figure A.0: Continuum of hydrogen-Only Storage Systems (Reference 6) 

50 

40 

8 

€ 
30 

5 
al 
E 
W 

10 

0 
0 

0 Llqueffed H2 

0 Compressed H2 

Compressed H2 

0 Compressed H2 

100 200 300 
Temperature, K 

400 

l9 This appendix is a summary of sections 3.0 and 4.0 of Reference 6. 

106 



The distinguishing characteristic of all hydrogen-only storage systems is that energy 
must be provided to the system before the tank is filled (for compression, 
liquefaction, or chilling) rather than when the tank is discharged, as is the case for 
bonded-hydrogen systems. This filling energy comes from the infrastructure, and 
need not be carried onboard the vehicle; this is a major advantage since it eliminates 
the added weight, volume, cost, and complexity of onboard fuel preparation 
apparatus. However, the total energy required to prepare and deliver a quantity of 
hydrogen to the fuel cell is still a key measure of attractiveness. 

A.l.l Liquid Hydrogen 

Liquefied hydrogen (LH, at 20 K), favored by NASA for multi-ton bulk storage in 
support of Space Shuttle Operations and by industry for bulk over-the-road transport, 
is attractive because of its high gravimetric energy density. It becomes less 
attractive, however, as tanks get smaller (the storage vessel surface-to-volume ratio 
becomes large allowing greater heat flux into the vessel resulting in LH2 boiloff) and 
the energy for liquefaction and maintenance of H2 in the liquid state are considerable. 
"Lockup" time, defined as the time it takes a garaged cryogenically-fueled vehicle to 
reach its maximum design pressure due to boiloff and as a consequence vent 
hydrogen can be short for LH, systems. Magnetic liquefaction could help reduce the 
high energy demand of liquefaction by removing energy fiom hydrogen more 
efficiently. Refueling and handling difficulties associated with the extreme 
temperature can be made more tractable through better component and system design. 
Studies to investigate low cost, high efficiency liquefaction techniques and to 
determine the shortest lockup time acceptable to the driving public are needed. 

Figure A.l shows how two prototype LH, storage systems compare on the same 
weight/volume axis described in section 2.1.2. MVE and DFVLR are the acronyms 
of the responsible research agencies. When the greater efficiency of the fuel cell is 
considered, a liquid hydrogen storage system for a fuel cell vehicle is likely to be 
lighter but about twice as bulky as an equivalent gasoline tank in a current ICEV 
with the same range. 
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Figure A.l: Prototype Hardware Performance Data for Liquefied Hydrogen Systems 

10 

200 

100 

50 

20 

Mid-Term Battery 
- a - - 
- 
- 

I I I I I 

Long-Term Battery 
0 

Diesel 
a 

Gasoline 
MVESphere 

DFVLR Ellipsoid 

-. 
0 
W 



A.1.2 Compressed Hydrogen 

There is a substantial rationale for considering compressed hydrogen as a storage 
technology: 

It is conceptually the simplest on-board storage system; 
Nearly 100% of the contents are available on demand without dynamic, kinetic, 
or energy addition considerations; 
There is a well-documented desigdmaterialskertification basis from 
commercial, vehicular and aerospace applications; 
Considerable R&D and commercialization leverage can be gained from current 
natural gas vehicle activity including plastic liners and advanced composite tank 
development; and 
A high potential exists for aerospace technology transfer and greater utilization 
of the defense production base. 

Compressed cylinder efficiency can be measured by the performance factor (P.F.): 

P b  
P.F. = pbv/w where V 

W 

Burst Pressure 
Internal Volume 
Total Weight 

For a given burst pressure and safety factor, the volume of 1 kg H, is fixed by the 
thermodynamic properties. Also for a given volume and material/technology, weight 
is proportional to pressure (this assumes a thin-walled container). This means that 
the weight of a compressed cylinder can only be optimized by selection of 
materidtechnology. Figure A.2 shows schematically the progression of tank 
materials and technology or construction. 

The weight of compressed gas systems can be reduced greatly by using advanced 
materials, such as carbon-graphite composite, for the storage cylinders. The benefits 
of composites include: 

Greatly improved strength, 
Uniformity of properties in the finished article, and 
Tailoring of windings to provide greater strength in required directions (i.e., 
hoop). 
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The magnitude of the increase in performance factor for advanced tanks is illustrated 
in Figure A.3, which shows that the performance factor for advanced designs can 
reach nine times that of steel tanks and almost six times that of aluminum tanks. 
Furthermore, cold compressed vapor at 150°K will have twice the density of ambient 
temperature compressed vapor. It does so, however, at the cost of additiond 
equipment at the refueling station: a multi-stage, intercooled compressor, a cascaded 
refrigeration system, and multiple high-pressure heat exchangers. Also, the vehicle 
tank must be both vacuum-insulated and capable of containing high-pressure. 
Whenever hydrogen is stored at reduced temperatures, dormancy of the system can 
become an issue. 

A.1.3 Compressed Hydrogen Tank Safety Factor 

Tank safety factors define the relationship between the tank design burst pressure and 
the maximum allowable operating pressure. Thus, a 3000 psi operating pressure tank 
with a safety factor of 3 is actually designed not to fail (i.e., rupture or leak) below a 
pressure of 9000 psi. Tanks can be designed to leak before they burst; indeed SCI 
designs all its tanks to do so. Three main factors influence the level of safety factor: 
(a) manufacturing tolerances, (b) uniformity of material properties, and (c) degree of 
post-fabrication non-destructive testing. Currently, the Department of Transportation 
(DOT) requires a safety factor of around 3 for all vehicular pressure vessels. 
However, as vehicular pressure tanks move into mass production, increased quality 
control through the use of more automated production techniques and non-destructive 
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Figure A.2: Progression of Tank Materiawechnology 
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diagnostics should greatly reduce the tank performance uncertainty which determines 
the required level of safety factor. Consequently, the future required structural safety 
factor may be reduced, thereby significantly decreasing tank weight. 

Figure A.4 depicts the weight and volume for a wide range of pressurized systems 
and safety factors. Four levels of safety factor are of importance: 

SF = 3.0-4.0: Current design requirements for non-composite pressure vessel 
transport. 

SF = 2.25: The natural gas industry lobbying goal for automotive 
compressed natural gas (CNG) cylinders. 

SF = 2.0: Typical military ground equipment requirement. 

SF = 1.5: Military aircmft and submarine requirement for critical load 
bearing structures. 

Storage at 150 K is examined to represent the effects of moderate cooling and to 
allow direct comparison with the pressurized 150 K carbon adsorption system 
(discussed in a later section). Operation of the pressurized system at 150 K results in 
lower weight and volume than the room temperature pressurized system but only with 
the penalties of reduced dormancy, a more complicated and costly onboard storage 
system, and a more complex refueling apparatus. 

A.2 Bonded-Hydrogen 8torage Systems 

The primary advantages of bonded-hydrogen storage systems are the potential for 
high H2 volumetric density and the increased safety due to the less volatile, more 
stable storage medium. Each benefit will be further discussed in relation to the 
individual storage system. 

Hydrogen atoms, or even hydrogen molecules, will bond to almost any element under 
appropriate conditions. Several hydrogen-containing compounds considered potential 
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Figure A.4: Hydrogen Storage System Comparison for Compressed Gas Cylinders (Reference 6) 
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sources of hydrogen aboard vehicles are represented in Figure AS (Reference 2), 
which demonstrates that one disadvantage of high hydrogen weight percentage in a 
bonded-hydrogen storage system is high dissociation temperature. Methane or 
ammonia onboard reforming systems have the added disadvantages of irreversibility 
and process complexity. 

A.2.1 Metal Hydrides 

In theory, metal hydrides can store hydrogen at volumetric densities greater than that 
of liquid hydrogen. The volumetric densities of actual metal hydride storage systems, 
however, are somewhat lower, as: 

A metal hydride system is burdened by a pressure vessel, by an internal heat 

transfer system, and perhaps by thermd insulation; and 
Not all of the hydrogen bound up in such a system is readily recoverable. 

Figure A.6 (Reference 6) lists many candidate hydrides. Figure A.7 shows Van’t 
Hoff plots for several of these commonly studied metal hydrides. These show the 
combinations of temperature and pressure at which the metal hydride is in 
equilibrium with hydrogen and the associated pure metal. These plots illustrate the 
conditions for which: 

Increasing the hydrogen pressure, or decreasing the metallalloy temperature, 
favors the hydriding reaction (absorption of hydrogen); and 
Decreasing the hydrogen pressure, or increasing the metal/alloy temperature, 
favors the de-hydriding reaction (release of hydrogen). 

These lines (called isochores) are gathered into two groupings: 

High-temperature hydrides, characterized by ionic bonds and by low atomic 
weights of the metals (which necessarily correspond to high hydrogen weight 
percentages); and 
Low-temperature hydrides, characterized by covalent bonds and by high atomic 
weights of the metals (which necessarily correspond to low hydrogen weight 
percentages). 
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Low-temperature metal hydrides with high hydrogen weight content would be 
desirable and may yield to further research, although no clearly promising areas were 
identified during this work. Innovative methods for low weight containment systems 
and efficient heat transfer are also needed since these factors account for significant 
fractions of total storage system weight and volume. Only a few ioschores on Figure 
A.7 pass through the usable range of pressure and temperature, defined by: 

Pressures above atmospheric (to prevent oxidation due to inleakage), and 
Temperatures within the range of waste heat available from either phosphoric 
acid or solid polymer electrolyte fuel cells. 

All of these hydrides which are compatible with proton exchange membrane (PEM) 
and phosphoric acid (PA) fuel cell temperatures are low-temperature hydrides. 
Figure A.8 presents the inefficiencies attendant to using some of the stored hydrogen 
to provide the dehydriding energy for high-temperature metal hydrides. As shown in 
Figure A.8, the consumption of hydrogen to produce the required dehydriding energy 
will consume a significant fraction of the stored fuel. 

Both low-temperature hydride (LTPI) and high-temperature hydride 0 storage 
system weight and volume characteristics are shown in Figure A.9. The weight and 
volume penalty associated with system components greatly reduces the actual system 
performance of LTHs. HTH systems suffer additionally from parasitic hydrogen 
consumption to supply the heat of dehydriding. 

Internal combustion engines with higher waste heat temperatures than fuel cells could 
use the high-temperature hydrides without the parasitic hydrogen consumption 
problem. However, metal hydrides have other problems: 

Some are pyrophoric (especially high-temperature hydrides); others merely 
oxidize when exposed to air. 
Most are subject to irreversible poisoning by water, oxygen, and other common 
contaminants, or to segregation of species near the surface. 
Kinetics are often poor especially at the interface, resulting in lengthy charging 
and discharging cycles. 
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Figure A.7: Van? Hoff Plots (Desorption) for Various Hydrides 
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Figure A.8: Hydrogen Storage System Configurations and Energetics 
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Figure A.9: Hydrogen Storage System Comparison for Hydride materials and Systems 
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Some of these secondary problems may be mitigated by creating nanocrystalline 
(crystal sizes 500 A) metal hydrides. Still, most metal hydrides under commercial 
development are low-temperature metal hydrides (see Figure A-6). However, the 
primary problems of high weight (common to all metal hydrides) and high cost (true 
of most metal hydrides) are inherent and can only be overcome by the 
discoveqdformulation of a greatly improved metal hydride. 

For on-board hydrogen storage, major impurities must be controlled in the hydrogen 
supply coming most likely from a stationary reformer system or electrolyzer. 
Hydrides can be poisoned by CO, CO,, H,O, and 0,, all of which could be present 
in hydrogen from a stationary reformer. LTHs are less sensitive to impurities than 
HTH’s, and are easier to reactivate once contaminated (simply by adding heat or 
flushing with pure hydrogen). 

Metal hydrides available in the 199O’s, when compared with those available in the 
1970’s, offer substantial improvements in areas such as: 

Improved cyclability 

Improved reversibility 
Lower cost 

Improved ability to tailor equilibrium overpressure 

However, these are all important but secondary benefits to improvements in energy 
storage density. We found no evidence that hydride systems for the near-term or 
medium-term will show substantial improvements in energy density. 

A.2.2 Liquid Hydrides 

Certain hydrocarbons (naphthenes) can be reversibly transformed into other 
hydrocarbons (aromatics) with the same number of carbon atoms and a smaller 
number of hydrogen atoms. These naphthenes are variously referred to as recyclable 
liquid chemical carriers or liquid hydrides. For example, 

cyclohexane e benzene + 3H, 
and 
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methylcyclohexane e toluene + 3H, 

The frrst reaction has a slightly greater hydrogen weight percentage, but benzene is 
more carcinogenic than toluene, so the second reaction has received more attention. 

The hydrogen weight storage density of methylcyclohexane is 5.9%, far better than 
those of most metal hydrides currently under development. The hydrogen volume 
storage density is approximately 46 kgH,/m3 (excluding reaction apparatus) which is 
less than the pure liquid hydrogen density but greater than the liquid hydrogen 
system density. 

Releasing the hydrogen from liquid hydrides is not simply a matter of heating them 
or reducing the hydrogen overpressure. Cracking methylcyclohexane requires 10 
atmospheres, 400°C, a platinudrhenium catalyst, and 28% of the higher heating 
value (HHV) of the released hydrogen. Therefore, required onboard equipment 
includes a catalytic reactor, a catalyst heater, a vaporizer, pumps, an air-cooled 
condenser, a gas-liquid separator, and a partitioned fuel tank. Since simplicity of 
storage/retrieval and assured hydrogen purity are key goals of the DOE hydrogen 
storage program, liquid hydrides were not considered further as candidates. 

A.2.3 Iron and Water 

Hydrogen may be stored in the form of water and reduced back to hydrogen by 
means of the reversible reaction: 

3Fe + 4H20 e Fe,O, + 4H2 (Reference 4) 

The forward reaction is simply the formation of rust. The reverse process takes place 
in blast furnaces between magnetite (Fe,OJ and the hydrogen in the water gas 
(H2+CO), which in turn comes from the reduction by coke of water vapor in the 
combustion air. 

In a fuel cell vehicle application, the vehicle would begin with a "full charge" 
consisting of a tank containing iron particles carried on the FCV. When hydrogen 
was needed by the fuel cell, water and heat would be added to the iron and H, drawn 
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off. The tank, therefore, would be insulated, capable of sustaining moderate pressure 
loads and have passages through it to aid the mixing of steam and iron. These three 
factors add to system weight and volume. 

Neither the forward nor reverse reaction proceeds to completion, but the onboard 
forward (hydrogen-generating) reaction is favored at temperatures below 1,lOo"C 
(which is well beyond red hot). The reverse reaction is less than complete at 
temperatures below the melting temperature of iron (1,536"C). 

The forward reaction is exothennic (heat releasing) at all temperatures of interest 
aboard a vehicle. However, the heat given off by generating each pound of hydrogen 
is not enough to boil and superheat the nine pounds of water required for each pound 
of hydrogen. Thus, the sum of the reactions onboard the vehicle (that convert liquid 
water to gaseous hydrogen) is endothermic (heat absorbing). 

Three percent of the released hydrogen's HHV is needed to heat up the reactant iron 
to the reaction temperature. If that iron needs to be heated up only once and if 
heating up other iron that will never react can be avoided, then this is quite tolerable. 
If it becomes necessary to heat up the bed several times (if, for example, it cooled 
when the vehicle stopped operating), or if an appreciable fraction of the iron in the 
reactor will never react, then it may be necessary to supply to the reactor (as heat) an 
unacceptably large fraction of the HHV of the generated hydrogen. Further research 
is required to determine how much energy is needed to keep the system functioning 
during typical driving cycles. 

A common approach to creating high surface-to-volume ratio (hence rapid, complete 
reactions) is to make very fine particles, which would make it possible to react 
almost all of the iron. The approach currently being taken is grinding "sponge iron" 
(which already has a high surface-to-volume ratio) into powder. Pelletizing these 
particles should keep most of them from being swept into the fuel cell by the 
momentum of the evolved hydrogen. More research in this area is needed. 

Technical practicality of this reaction depends on it being made to proceed to 
completion within a reasonable period of time without compromising the structural 
integrity of the pelletized sponge iron powder. Economic practicality depends on the 
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iron oxide being reduced to iron or replaced with other pellets of powdered sponge 
iron inexpensively. These issues can be resolved only be experimentation. No 
experimental data on the small-scale application of irodwater storage systems is 
available in the open literature. 

A.2.4 Dihydrides 

Dihydrides, which are sometimes referred to as polyhydrides, are metal complexes 
(metal atoms plus ligands) to which hydrogen molecules rather than hydrogen atoms 
attach. The ligands are coordination bonded to the metal atom. So far, researchers at 
the University of Hawaii (Reference 5) have succeeded in storing hydrogen on 
iridium-phosphorus complexes. They are currently attempting to improve 
performance with ruthenium and economy by using iron. Hydrogen is more difficult 
to store on iron because iron has fewer electrons and fewer electron states than 
iridium. However, unless than can be done with iron or some other low-cost 
material, this technique is commercially uncompetitive since both iridium and 
ruthenium are roughly as expensive as platinum. 

A.2.5 Carbon Adsorption of Hydrogen 

Hydrogen molecules (not hydrogen atoms) can be adsorbed onto carbon. Van der 
Waals forces account for this association rather than electronic bonds so 
comparatively little energy is needed to release the hydrogen. Methane can be 
similarly stored, and many researchers are active in this area in pursuit of improved 
natural gas vehicle gas (NGV) storage systems. 

Carbon systems are actually hybrids that store some hydrogen in adsorbed form and 
some as pressurized gas. Figure A.10 shows the various models that can be used to 
characterize combinations of compression, carbon adsorption, and temperature 
variables for carbon storage systems. . 

Table A.2 represents the level of performance and predictions that existed at the 
beginning of Phase 11 of this program. 
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Figure A.10: System Models for Carbon, Compressed and Hybrid Storage Systems 
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Table A.2: Performance and Predicted Improvements in Carbon Adsorption 

Temp. Pressure 
(Psi4 (K) 

150 810 

298 2000 
: 

Current Performance Goals 

Carbon Adsorption Carbon 
Density (g H Density 

[skeletal g Carbon) [skeletal 
density]’ density]’ 

0.32 [16%] 4% 0.80 [ a % ]  

0.32 [16%] 2% 0.80 [a%] 

(Qlcc) Adsorbed (glee) 

Adsorption 
(s H 

Adsorbedg 
Carbon) 

8.0% 

7.7% 

‘ Skeletal density corresponds to fraction of internal volume taken up by solid carbon. Balance is 
assumed to be gaseous H,. 

Figures A.l l  and A.12 show how changes in carbon density and adsorption 
percentage affect storage system weight and volume. Even at the goal of 40% 
skeletal density, the majority of the volume within the pressure vessel will be 
occupied by gaseous hydrogen. 
A pressure vessel with carbon-adsorbed hydrogen within it acts much as a pressure 
vessel without carbon in it; it just contains more hydrogen and weighs more. Very 
little heat is required to desorb the hydrogen. 

Carbons used for hydrogen adsorption differ from one another with respect to surface 
topology and doping materials. As is apparent from Table 2, some of these carbons 
work only at borderline cryogenic temperatures. 

Carbon storage systems need further development aimed at: 

Increasing the adsorption fraction (kgHyDRm&k&m&; 
Defining best storage system design parameters such as pressure and 
temperature; and 
Determining cost, longevity, and susceptibility (if any) to poisoning. 

If the dramatic performance improvements embodied in the Table 2 goals are 
achieved, carbon adsorption systems, particularly the room temperature type, have a 
good chance to surpass the DOE hydrogen storage goals in both volumetric and 
weight density. 
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Figure A . l l :  Ambient Temperature (2000 psi) Carbon Storage Alternatives 
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Figure A.12: Carbon Storage Alternatives (4500 psi, except as noted) 
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Appendix B 

ADL Hydrogen Storage Test Facility 

Enclosure Description 

Cement block building 

Outside Dimension 6 ft. x 14 ft. x 10 ft. high. 

Safety Features 

Compressed hydrogen supply cylinders outdoors, locked 

Liquid nitrogen dewars and heat exchanger outdoors 

Explosion-proof, external, forced-draft W A C  
- blower interlocked with hydrogen supply and electrical power supply. 
- ridge vent exhaust perpetually open 
- at least 20 air changes per hour 

Explosion-proof lighting 

Explosion-proof telephone 

Numerous safety relief valves discharging to vent manifold 

hydrogen detector, always on, set at 15% of LEL, which 
- closes solenoid valve on hydrogen supply manifold 
- activates audible and visual alarms 
- alerts Security, who phones project personnel 

nitrogen-diluted hydrogen vent 
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electronics in nitrogen-pressurized NEMA 4 cabinet 

Dedicated cement block building with blow-off roof 

no possible source of ignition can be introduced inside the facility, and 

all motors, even those located outdoors, must be explosion-proof 

The safety procedures that we developed and used are described in Section 3.3. 

Hydrogen Supply 

Six each cylinders (3500 psi) manifold together as shown in Figure B . l  

Test Equipment Detail 

Figure B.2 is a schematic of the hydrogen flow system in the facility as configured 
for this program. 
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Appendix C 

Carbon Degassing Procedures 

Prior to sorption testing, each of the tested carbons was subject to a degassing 
procedure. The basic procedure involved heating of the carbon sample while under 
vacuum. The details of the procedure were modified as requested by the individual 
carbon manufacturers. 

Execution of the procedure was accomplished by the following steps: 

Wrap the carbon filled tank with an electric heater and insulation. 
Connect a vacuum pump to the tank and maintain a vacuum throughout the 
procedure. 
Use a temperature controller to heat the sample to the prescribed temperature 
and maintain that temperature for the balance of the procedure. 
Maintain the vacuum until hydrogen was introduced in the adsorption tests. 

Figure C.1 shows the timehemperature data for one of the carbon degassings. It is 
interesting to note the large temperature difference that developed between the tank 
wall and the carbon core. This is likely due to the poor conductivity of the carbon 
powder in a vacuum. It could also be exaggerated by any endothermic degassing of 
the carbon. 

Figure C.2 shows the time/temperature data for another of the carbon degassings. In 
this particular heating, the core temperature initially started to increase at about the 
same rate as the wall temperature, but quickly levelled. out for about 45 minutes. It 
is tempting to ascribe the core temperature plateau in this case to endothermic 
degassing of the carbon. In fact, the pressure profile during the initial part of the 
heating does support this theory. 

Figure C.3 shows temperature and pressure data for carbon heating to a higher 
temperature. In this case the carbon had been poisoned (purposely) with butane gas 
and the higher temperature was required to remove the butane.The pressure data 
during this heating clearly shows the release of the butane, starting at about 12:45. 
Unfortunately, at 13:OO the heater power was reduced (to keep the tank from 
overheating) and the thermodynamics of the butane release are not clearly evident in 
the temperature data. 
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Figure C.2 Heating Temperature and Pressure Profile, Normal Degassing 
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Figure C.3 
Heating Temperature and Pressure Profile, Degassing of Butane-Poisoned Carbon 
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Appendix D 

Thermal Equilibrium With Carbon Sorption 

Carbon adsorption of hydrogen is an exothermic process; desorption is endothermic. 
Therefore, in order to measure the adsorptioddesorption properties of a carbon at a 
particular temperature one must add or remove heat to maintain a constant 
temperature during the process. The process that we chose to effect this heat transfer 
was to maintain the carbon filled tanks in a fluid bath of constant temperature. Using 
this method does result in some temperature change to the carbon during the 
processes, but by limiting the rate of adsorptioddesorption the temperature variations 
were kept small. The procedure we used during both adsorption and desorption was 
to cease the hydrogen flow at frequent intervals and wait until the carbon and tanks 
had reached a near-equilibrium temperature. During this waiting period the tank 
pressure would also approach a near-steady value, which value was used as the data 

point pressure. Figure D.1 shows the pressure decrease during the waiting period for 
a number of carbons at different initial pressures (the pressure readings when the 
hydrogen flow was stopped). It is clear that the majority of the pressure change after 
the hydrogen flow was stopped occurred during the frrst 10 minutes. Indeed about 
85% of the change occurred during that period. 

The amount of pressure change that occurred after the 10 minute point was not large 
compared to the initial pressure; approximately 1% at 2000 psi initial pressure and 
10% at 40 psia initial pressure. Because of this, and because of the impracticality of 
waiting much longer than 10 minutes for each data point (as it was, collecting data 
for one carbon at one temperature generally took an entire day), 10 minutes was 
chosen as the point at which pressure and temperature data were recorded in the 
program. 

Figure D.l shows that the pressure change is generally proportional to the initial 
pressure. Note, however, that the pressure change for Carbon D (1400 psi) is greater 
than the pressure change for Carbon B (2450 psi). This is because a greater amount 
of hydrogen was added to Carbon D prior to flow cessation than was added to 
Carbon B prior to flow cessation. This caused, we believe, Carbon D to be in a state 
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of greater dis-equilibrium20 than Carbon B at the points of flow cessation (time = 0 
in Figure D.l). 
pressure change is proportional to the pressure difference between the transient-test 
initial pressure and the previous equilibrium pressure. This pressure difference is a 
measure of how much hydrogen was added or removed from the tank since the last 
equilibrium point and, since the hydrogen flow rate was constant in the tests, it is 
also a measure of the extent of dis-equilibrium present when the flow was stopped. 
Curve A in the figure represents a large measure of dis-equilibrium at the point at 
which the hydrogen flow was stopped. Curves B and C represent lesser amounts of 
dis-equilibrium. 

This is further illustrated in Figure D.2, which shows that the 

20Most likely thermal dis-equilibrium. 
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Time Dependence of Carbon Adsorption 
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Hydrogen Storage Test Facility (Bldg AOH) 
Standard Operating Procedures 

TABLE OF CONTENTS 

Section 1.1 OPENING TEST FACILITY 
1. Determine System Status 
2. Purge Electronic Enclosure 
3. Provide Adequate Nitrogen 
4. Establish Nitrogen Flow 
5.  Safety System Inspection 

Section 1.2 CLOSING TEST FACILITY 
1. Low Temp., High Pres Hydrogen Storage 
2. Ambient Temp., High Pres. Hydrogen Storage 
3. Ambient Temp., Ambient Pres. H2 Storage 
4. Hydrogen Supply Valves 
5. Weather Forecast 

Section 1.3 PRESSURIZING A TEST C Y L N E R  WITH HYDROGEN 
1 .Establish Sufficient Supply of Diluting Nitrogen 

2. Additional Diluting Nitrogen 
3. Test Tank Cool-down to 80 K. 
4. Test Tank Cool-down to 190 K 
5. Setup the (Inlet) Mass Flow Controller. 
6.  Recording Test Data 

CRYOGENIC OPERATION 

Section 1.4 VENTING HYDROGEN FROM A TEST CYLINDER 
1. Establish Sufficient Supply of Diluting Nitrogen 
2. Equalize Pressures 
3. Recording Test Data. 

Section 1.5 SAFETY SYSTEM MAINTENANCE 
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Appendix E 

Hydrogen Storage Test Facility (Bldg.4OH) 
Standard Operating Procedures 

Section 1.1 OPENING TEST FACILITY 

SAFETY GLASSES ARE EQUIFED AT ALL, TIMES IN THE FACILITY 

1. DETERMINE SYSTEM STATUS 

When opening the test facility, the first thing to do is to determine if the test 
cylinder and or the lines in the building contain Hydrogen (unless you are 
positive that the cylinder and lines are evacuated, you should assume that they 
contain Hydrogen). THIS SHOULD BE DONE BEFORE TURNING ON 
THE VENT SYSTEM OR THE LIGHTS. 

2. PURGE ELECTRONIC ENCLOSURE 

If Hydrogen was stored in the lines or the test cylinder, the electronic 
enclosure pressurization system should be operating, with the indicator 
showing a SAFE condition. If Hydrogen was stored in the building and the 
electronic pressurization system is NOT operating, THE ENCLOSURE MUST 
BE PURGED BEFOE TURNING ON THE VENT SWITCH (located 
outside of the building). Turning on the vent system also supplies power to 
the electronic enclosure; the enclosure should be purged before power is 
supplied to it. 

3. PROVIDE ADEQUATE NIIXOGEN FOR ELECTRONIC ENCLOSURE 

Depending on the amount of testing planned for the day, adequate Nitrogen 
should be connected to the electronic enclosure pressurization system to insure 
a continuous supply during testing: 
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Appendix E 

Hydrogen Storage Test Facility (Bldg.40H) 
Standard Operating Procedures 

Electronic Enclosure Pressurization System 

Nitrogen Cylinder Pressure Depletion Time 
@si> (hours) 

2500 
1000 
500 

36 
14 
8 

Section 1.1 OPENING TEST FACILITY 

4. ESTABLISH NITROGEN FLOW 

If the test cylinder and lines are found evacuated, purge the electronic 
enclosure and establish a SAFE (on the indicator) flow of Nitrogen before 
introducing Hydrogen to the building. 

5 .  SAFETY SYSTEMS INSPECTION 

Perform a daily inspection of the following systems. 

System Inspection 

Fire Extinguisher Visual 

Hydrogen Detector Press the CHECK button (NOT the TEST 
button), and observe the reading on the L.E.L. 
meter. It should read 50% 

Roof Do not perform testing with any accumulation of 
ice or snow on the roof (the 'blow-off feature 
will be compromised). 
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Appendix E 

Hydrogen Storage Test Facility (BIdg.40H) 
Standard Operating Procedures 

Section 1.2 CLOSING TEST FACILITY 

1. LOW TEMP., HIGH PRES. HYDROGEN 

Low temperature, high pressure Hydrogen can NOT be left in the test cylinder 
or lines unless a means is provided to maintain the low temperature (liquid 
Nitrogen will boil off from the inside Dewar in approximately 12 hours and 
the pressure in the test cylinder and lines will increase threefold). If the 
pressure in any of the lines exceeds 3700 psi, the pressure relief valve(s) will 
open and vent Hydrogen without the safety of Nitrogen dilution. 

2. AMBIENT TEMP., HIGH PRES. HYDROGEN 

If high pressure, ambient temperature Hydrogen is to be left in the test 
cylinder or indoor lines, an adequate Nitrogen supply must be provided to 
maintain pressurization of the electronic enclosure system for the time that it 
is unattended. 

Electronic Enclosure Pressurization System 

Nitrogen Cylinder Pressure Depletion Time 
(psi) (how) 

2500 
1000 
500 

36 
14 
8 

3. AMBIENT TEMP., AMBIENT PRES. HYDROGEN 

If ambient temperature, ambient pressure Hydrogen is to be left in the test 
cylinder or lines, the vent system must be left on. 
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Appendix E 

Hydrogen Storage Test Facility (Bldg.4OH) 
Standard Operating Procedures 

Section 1.2 CLOSING TEST FACILITY 

4. TURN OFF HYDROGEN SUPPLY VALVES 

When leaving the facility unattended, all hydrogen supply tank valves and 
supply manifold valves should be closed. Valve V23 should be closed. 

5. WEATHER FORECAST 

The building heat should be left on if there is a forecast of snow. The 
thermostat should be set to 50°F (thermostat is located in Building 40, on the 
back wall, to the right of the heater units). 
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Appendix E 

Hydrogen Storage Test Facility (Bldg.40H) 
Standard Operating Procedures 

Section 1.3 PRESSURIZING A TEST CYLINDER WITH HYDROGEN 

1. ESTABLISH SUFFICIENT SUPPLY OF DILUTING NITROGEN 

Determine that the diluting Nitrogen supply is connected and it has at least 
150 psi, in case Hydrogen venting is unexpectedly needed. 

CRYOGENIC OPERATIONS 

If testing is to be at ambient temperatures, skip to paragraph 5. 

ADDITIONAL DILUTING NITROGEN 2. 

3. 

4. 

Connect a full Liquid Nitrogen tank to the diluting system. The extra 
nitrogen is required for dilution of the venting Hydrogen during cool-down of 
the test cylinder and lines. 

TEST TANK COOL-DOWN TO 80 K 

A. Position LN2 tank and supply hose for filling the inside dewar. 

B. Slowly initiate LN2 flow into the dewar. A low initial flow rate is 
required because until the supply line is fully cooled, the LN2 fiom the 
tank will boil within the line and create a high exit vapor velocity. 

C. After the dewar is faed to the desired level, maintain a small trickle of 
LN2 to replenish the boil-off. 

TEST TANK COOL-DOWN TO 190 K 

A. Fill the dewar with dry ice pellets. 

B. Slowly pour Acetone on to the dry ice. There will be substantial vapor 
generated fiom the dry ice, so pour slowly or it will splash. 

C. When the mixture level is approx. 1" below the desired level, add dry ice 
to fill to the desired level. 
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Appendix E 

Hydrogen Storage Test Facility (Bldg.40H) 
Standard Operating Procedures 

Section 1.3 PRESSURING A TEST CYLINDER WITH HYDROGEN 

5. SET UP THE MASS (INLET) mLOW CONTROLLER 

A. Close all valves except V721. Reduce PR1 to minimum setting. Increase 
BPR setting to the maximum, or to a setting you know is above the 
pressure at which MFCl will be' maintained for the testing.. 

B. Select a low pressure I-I2 supply tank and open its supply valve. Open 
V23. 

C. Open V26. Increase PR1 until either 1) P9 equals P8, or 2) P9 equals 
the pressure at which W C 1  is to be operated at. 

D. Close the supply valve on the previously chosen H2 supply tank. Open 
the supply valve on the next higher pressure supply tank. 

E. Repeat steps C. and D. until you have reached the desired pressure for 
MFC1. If the supply tank pressure is only slightly higher than F9, then 
select a supply tank or tanks with a sufficiently high pressure to maintain 
at or above P9 throughout the testing. 

F. Turn on the diluting N2 supply. 

G. Open, in order, V14, V28, and V8. Slowly open (there should be no flow 
- if there is, close it) V10. 

H. Establish .5 g/rnin flow around the tank by: Select "auto" for MFCl, 
close V26, slowly open the BPR until the flow rate is established. 
Open BPR slightly more until there is a 50 psi pressure drop between p9 

and P10. 

21 Refer to Figure B.2 for the location of all valves. 
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Appendix E 

Hydrogen Storage Test Facility (Bldg.40H) 
Standard Operating Procedures 

Section 1.3 PRESSURING A TEST CYLINDER WITH HYDROGEN 

6. RECORDING DATA 

A. Test the dynamics of PR1, MFC1, and BPR by stopping and starting the 
flow several times with the external control switch. Adjust PRl and/or 
BPR as required. 

B. Open V24, V21, and V22. Check that the test tank pressure (P7, now 
that V21 and V24 are open) is at the desired starting point 

C. To initiate flow into the tank, do the following three steps in rapid 
succession: Reset the MFC Totalizer, close V10, and open V9. Record 
the initial data point. 

D. To stop the flow, select the MFCl external control switch to off. 
restart the flow, select "auto". 

To 

E. Turn off the diluting N2 flow while filling the test tank. 
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Appendix E 

1.3 

1.3 

1.3 

Hydrogen Storage Test Facility (Bldg.40H) 
Standard Operating Procedures 

1000 300 iia 

3000 300 1/2 

1000 90 1 12 

Section 1.4 VENTING HYDROGEN FROM A TEST CYLINDER 

.15 

.15 

1. ESTABLISH SUFFICIENT SUPPLY OF DILUTING NITROGEN 

3000 300 1 I4 

1000 90 1 I4 

Determine that the diluting Nitrogen supply is connected and it has sufficient 
quantity to maintain Nitrogen flow for the duration of the test. Expect 
Nitrogen requirements as follows. 

.I5 

Diluting Nitrogen Requirements For Venting Test Cylinder 

3000 90 314 

Volume of 
Test Tank 

(L) 

Initial 
Pressure 

(Psi4 

Initial 
Temperature 

( K) 

Level required in GP240 
liquid nitrogen tank 

ll 1.3 I 3000 I 90 I Full 
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Appendix E 

Hydrogen Storage Test Facility (BldgAOH) 
Standard Operating Procedures 

Section 1.4 VENTING HYDROGEN FROM A TEST CYLINDER 

2. EQUALIZE PRESSURES 

To minimize the unmeasured flow of Hydrogen from the test cylinder into the 
exit line (from V25 to MFC2), increase (or decrease) the line pressure to 
match the cylinder pressure. Do NOT open V25 yet. 

TO INCREASE THE LINE PRESSURE 

A. Close V9, and V28. 

B. Decrease PR1 and open V26. 

C. Open V10, and V11. 

D. Slowly increase PR1 until P11 = €7. Close V10. 

TO DECREASE THE LINE PRESSURE 

A. Close V10. 

B. Check that V28 is closed and V11 is open. 

C. Establish a diluting Nitrogen flow of 3 CFM. Open V14. 

D. Switch MFC2 to "auto" (usually only for a brief time) until P11 is 
equal to W. Switch to "off". 

When P11 and W are equal, open V25 to connect exit line to tank. 
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Appendix E 

Hydrogen Storage Test Facility (BldgAOH) 
Standard Operating Procedures 

Section 1.4 VENTING HYDROGEN FROM A TEST CYLINDm 

3. RECORDING TEST DATA 

A. Establish a diluting Nitrogen flow of 3 CFM. 

C. Check that V9, V10, V11, V28, are closed. 

D. Check that the desired operating pressure for MFC2 is set (on P12 - adj. 
with PR2). 

E. Reset the MFC Totalizer to 0. Record initial data. 

F. Select AUTO on the MFC2 external switch. 

G. To stop the flow, select "off" on the MFC2 external control switch. 

H. To restart the flow select "auto" on the MFC2 external control switch. 

I. If the venting is to be interrupted for more than 1 hour, close V25. 
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Appendix E 

Electronics 
Enclosure 

Hydrogen Storage Test Facility (Bldg.40H) 
Standard Operating Procedures 

Visual and Purge 

Section 1.5 SAFETY SYSTEMS MAJNTENANNCE 

Room Venting 

Blow-off Roof 

Fire Extinguisher 

The following table gives the inspection and calibration schedules for the 
safety systems. Calibration procedures are described in the manuals for the 
specific systems. 

Visual D 

Visual2 D 

Visual D 

I . % - ,  I 

Detection 

D 

Q 

Y 

NIA 

N/A 

per ADL schedules 

Notes: 1. D - Daily 
W - Weekly 
Q - Quarterly 
Y - Yearly 

2. The permanent blow-off roof is to be kept clear of snow ( < 1/2 in. 
accumulation) when the building is in use or Hydrogen is stored in the 
building. 
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Appendix F 

Modified Perfect Gas Law Model of the Empty Tank and Attached Lines 

Model Objective 

A way to evaluate the benefit of adding carbon to a hydrogen storage tank is to 
compare the carbon-filled tank with a duplicate empty tank at the same conditions. 
In the beginning of this program it was thought that a simple curve fit to empty-tank 
data would suffice for these comparisons. However it soon became apparent that: 

In some instances, we needed to compare small differences in data; and 

There were a sufficient number of test parameters that would be different in 
each test. 

Therefore, a more comprehensive model of the tank and the inlet and exit lines was 
required. 

Because the model that we used, as described below, evolved during the program, we 
make no claim as to the efficiency of the calculations. While it does provide 
excellent matches with empty tank data over a wide range of pressures and 
temperatures, the calculation procedures and therefore the explanation of them, are 
probably more cumbersome than need be. 

The basis of the model is the application of the Perfect Gas Law, (modified for 
compressibility) to different segments of the system (sub-volumes) that are at 
different temperatures. The modified perfect gas law can be written as 

pV=MZRT 

where 2 is the correction factor 'for compressibility. 

For hydrogen, with T in degrees Kelvin, p in psia, and V in liters, equation (1) 
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can be solved for M (g) as 

M = (pV)/(RTZ) with R=0.5982 (psi U g K) 

While this is a simple equation, it is not so easily applied to the system that we want 
to model. The volume of the container@) are not fixed (they vary with pressure and 
temperature), and the compressibility correction factor, Z, is a complex function of 
temperature and pressure, as shown graphically in Figure F.1 and F.2. 

The method of application of equation (2) to the total system is illustrated by 
reference to the EXCEL spreadsheet used. 
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Spreadsheet Description 

The calculational method used is best described by reference to Figure F.3 and F.4, 
copies of the spreadsheet used, The highlighted areas contain data or equations as 
described below: 

Block C 

Block D 

Constants that are used in the generalized equation described in Block D. 
These constants were derived by a multiple regression analysis of 
hydrogen state data from "Refrig. 702n", extrapolated using the slopes of 
the 2 function fiom Figure F.2. 

Describes the general form of the equation used to calculate the constants 
in the equation for Z. 

Block E The location of the equations that calculate the constants AO, Al, A2, and 
A3 for the system sub-volume Va (in this.case, the Tank), based on the 
average temperature of this sub-volume, as entered into Block F. 

For example, the top number in Block E, AO, was calculated from the 
equation 

where the B values are taken from the top row of Block C, and T from 
Block F. 

AO=BO+(B l)(T)+(B2)/(T**2) 

Block H This block contains experimentally measured data for the complete "IN" 
system (the test tank plus the inlet lines). 

Block I Calculated values of Z for each of the sub-volumes based on the 
temperature and pressure of that sub-volume. The values of Z are 
calculated from 

Z==AO+(Al)(P)+(M)(P* *2)+(A3)(P**3) 

where the "A" constants are taken from Block E (Block E for sub-volume 
Va and the cells to the right of Block E for the other sub-volumes), and 
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Figure F.3 Example of Empty Tank Model Spreadsheet (pg 1) 

L 

Va Vb Vc Vd Vtot 
Name Tank LO PMi 
Vol( I )  0.157 0.105 0.068 -0.015 0.315 
T(K) 78 280 300 78 
A0 9.97E-01 9.95~-01 9 . 9 5 ~ - 0 1  9.971-01 

A1 -2.21E-03 0.1BE-04 3.31E-01 -2.21E-03 

A2 2.79E-05 2.05E-06 3.QOE-06 2.79E-05 

A3 - 4 . 5 2 ~ - 0 8  -4 .79~-09 - 6 . 3 4 ~ - 0 9  - Q . S ~ E - O ~  

Comblnation usage: 

DATA : 
Empty Tank- Data Set 1 - into tank 

Comparison of Adsorbtion (Flow IN) and EmptyTanl. and 
Substitution of (data) pressures Into empty tank model to obtaln M values (for UCR model) 

' H  

FV = nUZT 

< > 
M 

Pusla) T -  TK T -  TK IN data 
C K 

0 -106.2 166.8 0 
19 -193.2 79.8 1.040 
424 -195.9 77.1 2.76 
944 -196.0 77.0 4.32 
1438 -196.5 76.5 5.60 
1961 -196.5 76.5 6.66 
2422 -196.5 76.5 7.47 
3019 -196.8 76.2 8.380 

, Al, A2, A3 = Boc Bl'T+ B2/TA2 : 1 

2.563-03 #HHH#HHH # # # H I # # #  

A2 ###HH#H# 4.593-08 2.263-01 

D 

General Conditions: 

Va D a t F  V 

9.958-01 9.953-03 9.97E-01 

3.313-04 3.763-04 aaauawwn 
3.403-06 3.113-06 2.62E-05 

A3 a a s w e a w  YHIIHHHR ~ H H ( I ~ H H ~  

P 

3030 
2570 
2061 
1545 
1036 
522 
267 
80 
30. 

1 
Data Set 2 - out of tank 

M 
OUT data 

Mic= 10.164 
T-TK I - T K  M 

C K 
-196.1 76.9 0.00 0.00 
-197.0 76.0 0.00 10.16 
-197.0 76.0 0.00 10.16 
-197.2 75.8 0.00 10.16 
-197.0 76.0 0.00 10.16 
-197.6 75.4 0.00 10.16 
-197.5 75.5 0.00 
-197.9 75.1 0.00 
-197.7 75.3 0.00 
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Figure F.4 Example of Empty Tank Model Spreadsheet (pg 2) 

Calc Set 1 Calc Set 2 

0 
19 
424 
944 
1438 
1961 
2422 
3019 
0 
0 
0 
0 
0 

0.00 
1.29 
28.84 
64.22 
97.82 
133.40 
164.76 
205.37 
0.00 

0.997 0.995 0.995 
'0.995 0.996 0.996 
0.960 1.007 1.009 
0.965 1.029 1.031 
1.012 1.054 1.057 
1.095 1.085 1.088 
1.188 1.114 1.117 

11.323 1.152 1.156 
0.997 0.995 0.995 

0.997 0.00 3030 
0.995 0.07 2570 
0.960 1.64 2061 
0.965 3.650 1545 
1.012 5.40 1036 
1.095 6.92 522 
1.188 8.01 267 

0.00 0.997 0.995 0.995 0.997 #DIV/O! 0 
0.00 0.997 0.995 0.995 0.997 #DIV/OI 0 
0.00 0.997 0.995 0.995 0.997 #DIV/OI 0 
0.00 0.997 0.995 0.995 0.997 #DIV/O! 0 

206.12 
174.83 
140.20 
105.10 
70.48 
35.51 
18.16 
5.44 
2.04 
0.00 
0.00 
0.00 
0.00 

1.332 1.161 
1.223 1.130 
1.112 1.097 
1.021 1.065 
0.964 1.037 
0.952 1.013 
0.966 1.004 
0.986 0.998 
0.993 0.996 
0.997 0.995 
0.997 0.995 
0.997 0.995 
0.997 0.995 

0.995 0.997 #DIV/O! 
0.995 0.997 #DIV/OI 
0.995 0.997 #DIV/OI 
0.995 0.997 #DIV/OI 
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P corresponds to the experimental data point pressure, expressed in atmospheres (The 
column to the left of Block I). 

Block J The calculated mass G. The values of M are calculated from 

M=( P/. 5982) D/a/(TaZa)+V b/(TbZb)+Vc/(TcZc)+Vd/(TdZd)][ 1 +P(dV/dP)] 

where the sub-volumes, V, are taken fiom Block G, the pressure, P, is 
the experimental data point pressure, and the correction factors, 2, are 
from Block I. The temperature of the tank, Ta, is taken from Block H 
since it usually varied for each data point, whereas the other sub-volume 
temperatures are taken from Block F. The rate of change of volume with 
pressure, dV/dP, expressed in % per atmosphere, is an external input to 
the calculation (it is a small correction factor, calculated to be on the 
order of 0.02%). 

Block K The calculated mass of hydrogen contained in the system comprised of all 
the sub-volumes included in Block L (usually the tank plus the outlet 
lines). The calculational method parallels that used in Block J. 

Comparison of the Model with Data 

Figures F.5 and F.6 are comparisons of the model with empty tank data for both the 
1300cc and the 150cc tanks at the test temperatures that we used. 

The agreement between the model and the data was enhanced by adjustments to the 
measured volumes (of the sub-volumes) to account for thermal expansionkontraction, 
and to the value of dV/dP, the change in volume with change in pressure. The 
volumes of the system components were measured and/or calculated from 
manufacturers’ data; volumes should be accurate at atmospheric temperature and 
pressure. A comprehensive program to determine the actual value of these volumes 
at elevated pressures and reduced temperatures was not undertaken. Rather, 
adjustments to the volumes were used based on fundamental principles and resulted 
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Figure F.6 

9.0 

8.0 

7.0 

6.0 

5.0 
h 

W 
E3) 

z 
4.0 

3.0 

2.0 

1 .o 

COMPARISON OF DATA AND CALCULATIONS 

0.0 
0 

+ IN data 
*IN calc 
-e OUT data 
-0- OUT calc 

T = 8 0 K  

150 cc Tank 

500 1000 1500 2000 2500 3000 

P(psia) 
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in better agreement between the model and the empty tank data. This type of 
adjustment makes sense (and does not require rigorous support) in that the end-use of 
the model was: 

0 

0 

primarily to interpolate between experimental empty-tank data points; and 
occasionally to extrapolate a limited amount beyond the experimental empty 
tank data. 

rather than to validate the structure of the model. 

The accuracy of the model for these purposes is well demonstrated in Figures F.5 and 
F.6. 
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Appendix G 

UCR Model 

Model Objective 

To evaluate the benefit of adding carbon to a hydrogen storage tank requires some 

type of comparison of the carbon filled tank with a duplicate empty tank at the same 
conditions. The comparison method we have chosen is to examine the ratio of the 
mass of hydrogen available from a carbon-filled tank to the hydrogen available from 
an empty tank of the same volume. We have calculated this ratio using the 
desorption data from the tested carbons and our empty-tank data. 

The model that we developed, as described below, evolved during the program and, 
as such, is not as neatly packaged as it might be. The calculation procedures and 
associated explanations are therefore more cumbersome than they might be. 

The model of the experimental test system is made up of three sub-volumes, all at 
the same pressure, but possibly at different temperatures. The three sub-volumes, 
shown in Figure G.1, are defined as: 

e That part of the test tank containing carbon (that is, the total volume of the 
carbon-filled part of the tank), 

e That part of the test tank above the carbon (called  lagel el'^'), 

0 The exit lines from the tank to the pressure regulator, including the filters and 
valves (called 'ulage2'). 

21Ullage was shortened to 'Ulage' for spacing reasons in the model 
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vu2 

Figure G.l Carbon and Ullage Volumes 

Experimental data taken on a 'carbon-filled' tank includes the hydrogen contained in 
all three of the sub-volumes described above. What is of interest is the mass of 
hydrogen contained in the carbon filled sub-volume. To calculate this we first 
calculate the mass of hydrogen in the two ullage volumes, based on temperature 
corrected geometric proportioning of the empty tank test data (in the form of the 
empty tank model). We then subtract the hydrogen mass in these ullages from the 
total measured hydrogen mass in the system to obtain the mass of hydrogen in the 
carbon-filled part of the tank. 

In the carbon-filled part of the tank, we do not attempt to distinguish between the 
hydrogen that is adsorbed in the carbon, the hydrogen that exists between the carbon 
particles, and the hydrogen that exists in any void spaces within the carbon particles. 
Since we compare the overall sorption properties of a carbon-filled volume to an 
empty volume, we do not need to make assumptions as to this distribution of the 
hydrogen within the carbon-filed volume. 

Referring to Figure G.l, we define the following: 
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Mo-ul = Mass of hydrogen in the empty volume Vu, 
Mo-u2 = Mass of hydrogen in the empty volume Vu, 

Mo-u = Mo-ul + Mo-u:! 
M,, = Mass of hydrogen in an empty volume equal to Vc 

Using the perfect Gas Law, modified for compressibility 

PV = MZRT, rearranged as 

M = PV/ZRT 

we can write equations for the hydrogen mass contained in the empty volumes as 

Mo-u2 = 5 (&) 
Where R is the gas constant and 2 is the compressibility factor (described in 
Appendix F). 
The total mass in an empty system with these volumes is then 

Since, in our experimental system, the temperatures of V, and Vuz are the same, we 
define 

T A = T c = T u 2  and 
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Equation (4) then becomes 

Dividing equation (2) (written with a TA and ZA) by equation (6), we get 

which is the mass of hydrogen in an empty volume equal to Vc. 

We then know the mass of hydrogen in the ullages by 

M, = M-M, 

Spreadsheet Description 

The numerical calculations, using the preceding equations, are performed in an 
EXCEL spreadsheet. Figure G.2 shows a page of this spreadsheet with highlighted 
areas that contain data or equations as described below: 

Block A The measured sub-volumes of the system and the temperature of each. 

Block B Calculated carbon percentages. 

Block C Experimental test data for the system, including the carbon-filled tank. 

Block D The initial value for the hydrogen mass in the total system. This was 
determined external to the model (from the adsorption data, corrected for 
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additional line volume). It turns out that the UCR calculation is not 
dependent on this initial value. 

Block E The total hydrogen mass in the system based on C and D. 

Block F The total hydrogen mass in an empty-tank system at the same pressures 
and temperatures as the test data. These values are calculated using the 
empty tank model and input to this model. 

Block G The mass of hydrogen in an empty-tank volume equal to the volume 
occupied by the carbon, calculated using equation (6) above. 

Block H The hydrogen mass in the total ullage volume, calculated as the difference 
between F and G. 

Block I The hydrogen mass in the sub-volume occupied by the carbon, calculated 
as the difference between E and H. 

Block J The pressure chosen to use as one of the "minimum discharge" pressures 
with which to calculate the UCR at a series of higher pressures. In this 
model, this pressure must be one of the experimental test pressures (from 
Block C). 

Block K The difference in hydrogen mass in an empty tank volume equal to the 
carbon volume (Block G) between the higher pressure points (Block C) 
and the chosen minimum pressure (Block J). 

Block L The difference in actual hydrogen mass in the carbon sub-volume (Block 
I) between the higher pressure points (Block C) and the chosen minimum 
pressure (Block J). 

Block M The UCR, the ratio of Block L to Block K, for the minimum pressure 
chosen (Block J). 

Blocks N and 0 
Additional chosen 'minimum withdrawal' pressures at which to calculate 
additional series of UCR's. 
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Figure G.2 : UCR Model Spreadsheet Example 

Amblent 

Row 0111 of Tank  
Comparison of ADL data - Empty Tank vs.Carbon and 

catcubiton of me USABLE CAPACITY RATIO 

- 
Vcarbon= 0.120 82% ofTNK 

39% OfWS 

Catbon J at300, KO, and80 K 

7/20 to 22 Doto 

Geom Tank C a b m  Ulogel Ulage2 Toto1 
VolUme10.147 0.120 0.027 0.163 1 0.310 Model assumes Cobon and Ulogl to be same temp os Tank 

Total ukrge 'Cab' 
For nic= Mo-t M w  Mo-c 

P M IC-M 

1oM 2.23 1.67 
2.98 0.92 
3.79 0.11 

3.86 0.04 
0.08 
0.03 

M c a h  
W M w )  1 
0.06 
0.02 

P 
2760 

2005 
1505 

1002 

499 

. Available Hydrogen between P1 and P2 

M1-M2 Ml-M2 dMo M1-M2 M1-M2 dMO 

Empty Corb. 

0.60 

0.02 0.04 1.85 
0.00 0.00 #DN/OI 

Empty Cab. 

1.19 1.09 0.92 
0.92 0.87 0.95 

0.62 0.65 1.04 
1.21 0.31 0.39 1.25 

1.57 1.37 0.87 

dMcl 
Ml-M2 M1-M2 dMO 
Empty Corb. 
1.26 0.98 0.78 
0.88 0.71 0.80 
0.61 0.48 0.79 

0.31 0.26 0.83 

0.00 0.00 #DN/OI 

170 



Appendix H 

1.0 Hydrogen Fuel Safety 

Ensuring safe automobile operation with on-board hydrogen is of prime importance. 
Hydrogen offers the promise of being safer than gasoline if the vehicle system 
designs provide for proper venting and elimination of compartments where hydrogen 
gas may be trapped. The thermo-chemical properties of hydrogen are presented in 
Table H.1. 

The three major hazards associated with on-board hydrogen storage are explosion, 
combustion, and shrapnel-releasing rupture of high-pressure storage cylinders. These 
hazards and their potential consequences to the automobile are discussed below. 

Two types of explosions are possible with hydrogen: detonation and deflagration. 
Detonation or "high" explosion is the more rapid and stronger of the two and is not 
possible with hydrogen in an unconfined area. Therefore, by careful design of the 
fuel cell vehicle to eliminate confined areas and to provide adequate venting, the 
possibility of detonation within the vehicle can be virtually eliminated. Deflagration 
or "low" explosion occurs with peak pressures and reaction rates one to two orders of 
magnitude less than detonation. It effectively is a very rapid burning of hydrogen. 
Fortunately, due to hydrogen's low density at atmospheric pressure, the explosive 
energy of hydrogen by volume is relatively low being only 1/20 that of gasoline and 
less than 1/3 that of methane. Thus, because less energy (in the form of heat and 
pressure) is released by a hydrogen explosion, one is actually "safer" in a hydrogen 
explosion than in a gasoline or natural gas (methane) explosion. The high buoyancy 
of hydrogen, and the high diffusion velocity of hydrogen, -2.0 c d s  in STP air, 
naturally disperse the gas and inhibit poolings of high concentrations as would result 
from a gasoline spill. Thus, an unintended release of H,, whether from leak or 
broken storage vessel, is quickly vented from the vehicle and harmlessly and rapidly 
dispersed upwards into the atmosphere. Should ignition occur, the hydrogen 
combustion hazard is lower than with gasoline or natural gas due to its low energy 
content per volume and its rapid upward dispersion. In addition, hydrogen's low 
flame emissivity and the effect of buoyant velocity on combustion all limit the 
consequence of a worst case hydrogen fire. 
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Table H.l: Hydrogen Fuel Safety: Property Comparison of Hydrogen, Methane and Gasoline 

Density 0 NTP (g/m3) 

I Hydrogen I Methane 

83.764 641.19 

Molecular Weight 1 2.016 1 16.043 

4.1% - 94% 5.3% - 14% 

119.93 
141.86 

Relative Energy in Equal 
Volume 

50.02 
55.53 

1 3.2 

Flammability Limits 
(Vol % in air) 

Vapor Specific Gravity 
Relative to STP Air 

0.07 0 325; 0.554 @ 70°F 

Min Detonation (Vol %) I 18.3% I 6.3% 

Buoyant Velocity ( d s ) ,  NTP 
Air Diffusion Velocity 
(cds)  NTP Air 

Auto-ignition Temperature 
(Air 63 1 atm) 

1.2 - 9 - 
6 . 0  -- 

1,075"F 999°F 

Energy Released From 1 m3 
Volume, 6% Concentration 
W)* 

603 1,954 

*Energy release based on hydrogen lower heating value. 

Gasoline 

-107 

675,000 (liquid) 
-4,400 (vapor) 

44.5 
48 

1 .O%+ 

1.1% 

500°F - 800°F 

19.5 (vapor) 

1 1,748 (vapor) 

3.74 

STP = Standard, Temperature, and Pressure (O"C, I atm) 
N T P  = Normal, Temperature, and Pressure (20"C, 1 atm) 
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The heating of adjacent compartments due to a small hydrogen leak and combustion 
is low. The automobile equipment compartments need to be separated from the 
passenger compartment and need to be protected by flame retardant insulating 
material. The elimination of flammable materials inside the equipment compartment 
will prevent secondary fire hazards. 

Hydrogen fuel safety is summarized in Table H.2. Liquid hydrogen or high-pressure 
hydrogen tankage offers the promise of being far superior to current gasoline tankage 
methods for two reasons: 

e Hydrogen is inherently safer than gasoline because hydrogen's volatility 
carries any release or flame-up and away within seconds, whereas gasoline 
releases will pool on the ground and burn for prolonged periods. 

0 DOT-approved pressure tanks are far safer in accidents than are current 
gasoline tanks because DOT 'tanks (which are generally designed to a three- 
fold strength margin) must successfully sustain fire, abrasion, bullet holes, and 
overpressure without shrapnel failure, instead releasing gas only by 
delamination failure. 

Since trapped gas build-up in garages is the only real safety risk, hydrogen fuel could 
be odorized by trace additives such as mercaptans in a manner similar to natural gas 
to alert humans or monitors in the event of a leak in a confined space. In addition, 
miniature catalytic converters can be placed along the automobile vented pathways 
and at the high points of enclosed structures (i.e., ceiling of a garage) to harmlessly 
eliminate hydrogen gas build-up that may occur fiom hydrogen leaks. LH, boiloff 
can be contained as suggested in Section 2.1.3. 

Hydrogen storage systems will have to be designed, developed, and tested to ensure 
that their full safety potential is achieved and to demonstrate that these systems can 
be safe. 
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Table H - 2  Hydrogen Fuel Safety 

Safety Attribute I1 
Hydrogen detonation is not possible 
in well-vented spaces: 

Hydrogen has low energy content 
by volume due to low density: ll 
Hydrogen safer than gasoline 
because it quickly diffuses upward 
in air rather than pooling on ground 
to create secondary fire hazard: 

Failure mode of high-pressure 
hydrogen vessels is benign: 

Hydrogen is non-toxic: 

Liquid hydrogen creates no 
additional hazards other than 
kostbite potential if LH2 or non- 
insulated piping containing LH, 
contacts the skin 

Consequences 
~~~ ~~ 

- only possible in confined volume 
- all compartments passively vented . 
- high diffusion and buoyant velocities make it nearly impossible to 

generate explosive concentrations of hydrogen 

- ignition consequence is much lower than for methane or gasoline 

- small, low-temperature, catalytic devices would be placed along 
the vent ducts to convert hydrogen gas into an inert compound 
thereby preventing external gas build-up 

- devices may also be placed in high points of garages to prevent 
gas accumulation 

- tanks do not w e n t  to become shrapnel hazard 
- tank fails by delamination with consequent gas release 

- may be breathed in high concentrations with no systematic effects 
- may lead to asphyxiation .if breathed in very high concentrations 
- can be odorized by trace additives to alert humans and monitors 

of gas leaks 
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