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Overview 
 
The President’s National Energy Policy, issued in May 2001, directs the Secretary of Energy “to develop next generation technology 
including hydrogen” and to “focus research and development efforts on integrating current programs regarding hydrogen 
technologies, fuel cells and distribution.”  In response, the U.S. Department of Energy (DOE) initiated a National Hydrogen Vision 
and Roadmap process through which it sought the guidance of stakeholders from industry, academia and the nonprofit sector on the 
vision and on the technical content of a robust R&D program in this crucial area.  The National Hydrogen Roadmap clearly identified 
hydrogen storage as an issue critical to realizing a hydrogen economy.  In particular, on-board hydrogen storage is recognized as a key 
enabling technology for automotive fuel cell systems.  The National Hydrogen Roadmap can be downloaded from 
http://www.eere.energy.gov/hydrogenandfuelcells/.  Figure 1 illustrates how policy documents and stakeholder input from the 
visioning and road-mapping processes have been incorporated into the DOE planning activities. The Office of Hydrogen, Fuel Cells 
and Infrastructure Technologies Multi-Year Research, Development and Demonstration Plan is built upon these and other predecessor 
planning documents and is also integrated with other DOE Office hydrogen development plans. 
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FIGURE 1. THE DOE HYDROGEN, FUEL CELLS AND INFRASTRUCTURE TECHNOLOGIES PROGRAM PLAN BUILDS UPON SEVERAL PLANNING 
DOCUMENTS 

 
 
 
The Hydrogen, Fuel Cells and Infrastructure Technologies Program within the DOE Office of Energy Efficiency and Renewable 
Energy plans to create a national hydrogen storage project.  A workshop on compressed and liquefied hydrogen storage was a step in 
identifying a path forward. Technical experts from industry and the national laboratories were assembled to identify the current status 
of compressed and liquefied hydrogen storage technologies, to solicit new ideas and to rank priorities for R&D efforts.  Ten technical 
experts convened at U.S. Council for Automotive Research (USCAR) on October 16, 2002 for the Workshop on Compressed and 
Liquefied Hydrogen Storage. A list of participants is included in Appendix 1. The output of this workshop will be used to develop a 
multi-year plan for the DOE Program.  These proceedings describe the results of this workshop. 
 
Safe, cost-effective and practical means of storing hydrogen is an important component if hydrogen is to emerge as a practical option 
in the Nation’s energy infrastructure.  Significant technical barriers remain for safe, cost-effective hydrogen storage systems, 
particularly on-board for transportation applications. 
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Workshop Organization 
 
The workshop included two plenary presentations. The first presented an overview and the goals of the DOE Hydrogen, Fuel Cells 
and Infrastructure Technologies Program. In addition, the findings of the DOE Workshop on Hydrogen Storage Materials were 
reviewed. The second presentation described the design of a generic high-pressure, composite storage tank. The assumptions that were 
made in the design served as the point of departure for discussions relating to performance and to cost of high-pressure hydrogen 
storage tanks. 
 
Following the plenary presentations, the participants discussed technology status, barriers and issues related to widespread use of 
high-pressure and cryogenic storage systems on board vehicles. The participants reached a consensus on the relative ranking of R&D 
needs and recommended programs to address the issues. 
 
Workshop Objectives 
 
The overall goal of the workshop was to obtain technical input to shape a national activity and to be included as part of a DOE multi-
year R&D plan.  Specifically, the workshop participants were asked to address the following issues: 
 

• Review the current status of compressed and liquefied hydrogen storage technologies 
• Identify the technical challenges that must be overcome to meet the goals of the FreedomCAR partnership  
• Identify promising technical approaches to overcome the challenges 
• Prioritize the R&D needs for each of the technical approaches 

 
 
Plenary Session - Introduction and Overview Presentations 
 
The overview presentation and the high-pressure hydrogen storage tank status presentation are included at the end of the proceedings. 
 
Overview of the DOE Program 
 
Dr. Podolski of Argonne National Laboratory provided an overview of the DOE activities in hydrogen and fuel cell technologies in 
the following areas:  (1)  the Hydrogen, Fuel Cells and Infrastructure Technologies Program; (2) the Role of FreedomCAR; (3) R&D 
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Priorities; (4) DOE Fuel Cell & Hydrogen Activities; (5) DOE Targets/Status and (6) DOE Hydrogen Storage Materials Workshop 
review. 

The Hydrogen, Fuel Cells and Infrastructure Technologies Program 
 
The DOE Hydrogen, Fuel Cells and Infrastructure Technologies Program was created to implement the directive in the National 
Energy Policy to “focus research and development efforts on integrating current programs regarding hydrogen, fuel cells and 
distribution….”  Three technical teams will implement R&D based on the objectives of the program.  These are the Fuel Cell, 
Hydrogen Storage and Hydrogen Production teams.  In addition to these three technical teams, cross cutting programs will be 
implemented including efforts in the area of safety/codes and standards, technology validation and education.  An organization chart 
of the DOE program is shown below in Figure 2. 

Role of FreedomCAR and the President’s Hydrogen Fuel Initiatives 
 
FreedomCAR’s long-term goal is to develop advanced automotive technologies, which will require no foreign oil and emit no harmful 
pollutants or greenhouse gases. Specifically, the FreedomCAR partnership is focusing on developing technologies to enable mass 
production of affordable hydrogen-powered fuel cell vehicles. The Hydrogen Fuel Initiative is designed to accelerate development of 
advanced technologies for producing, delivering, storing and using hydrogen. 
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FIGURE 2. HYDROGEN, FUEL CELLS AND INFRASTRUCTURE TECHNOLOGIES PROGRAM ORGANIZATION 

 
 

DOE Fuel Cell & Hydrogen Activities 
 
The Hydrogen Vision and Roadmap Workshops were held in November 2001 and April 2002, respectively, and included the 
participation of a wide spectrum of stakeholders.  The results of these workshops were incorporated into the National Hydrogen 
Roadmap, which can be downloaded from http://www.eere.energy.gov/hydrogenandfuelcells/.   
 
The DOE program focuses its R&D activities on removing high-risk technical barriers.  In Fiscal-Year 2002, fuel cell activities were 
funded at $47 million, while the hydrogen activities were funded at $29 million.  Funding appropriations for Fiscal-Year 2003 
represent a 19 percent increase in fuel cell technology R&D and a 38 percent increase for hydrogen technology. Request for Fiscal-
Year 2004 funding will be $88.0 million for hydrogen technology R&D and $77.5 million for fuel cell technology R&D. 
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DOE Performance Targets/Status 
 
Through the FreedomCAR partnership, DOE established R&D targets for hydrogen storage, see Table 1.  The primary focus of the 
program is on-board transportation applications since these are technically more challenging compared to off-board storage of 
hydrogen. These targets have been revised to reflect the Administration’s emphasis on the transition to a hydrogen economy. Note, 
DOE technical targets are based on vehicle requirements and do not differentiate between chemical and physical forms of hydrogen 
storage. This table lists the targets as of June 2003. Minor changes may be made as the targets are analyzed and updated. Updated 
targets will be included in the hydrogen storage solicitation to be released in July 2003. 
 

TABLE 1.  DOE TECHNICAL TARGETS, ON-BOARD HYDROGEN STORAGE SYSTEMS 

TECHNICAL TARGETS, ON-BOARD HYDROGEN STORAGE SYSTEMS A, B, C 

 STORAGE PARAMETER UNITS 2005 2010 2015 

Usable, specific-energy from H2  
(net useful energy/max system mass)d 

kWh/kg 
(kg H2/kg) 

1.5 
(0.045) 

2 
(0.06) 

3 
(0.09) 

Usable energy density from H2 (net useful 
energy/max system volume) 

kWh/L 
(kg H2/L) 

1.2 
(0.036) 

1.5 
(0.045) 

2.7 
(0.081) 

Storage system cost e $/kWeh net 
($/kg H2) 

6 
(200) 

4 
(133) 

2 
(67) 

Fuel cost f $ per gallon gasoline 
equivalent at pump 

3   1.5 1.5
 

Operating ambient temperatureg °C -20/50 (sun) -30/50 (sun) -40/60 (sun) 

Cycle life   (1/4 tank to full)h Cycles    500 1000 1500

Cycle life variationi % of mean (min) @ % 
confidence 

N/A  90/90
 

99/90 
 

Minimum and Maximum delivery 
temperature of H2 from tank 

°C   -20/100 -30/100
 

-40/100 
 

Minimum full flow (g/sec)/kW    0.02 0.02 FC
0.027 ICE 

0.02 FC 
0.033 ICE 

Minimum delivery pressure of H2 from Atm (abs) 2.5 FC 2.5 FC 2 FC 

Compressed and Liquefied Hydrogen Storage Workshop      6   



 

TECHNICAL TARGETS, ON-BOARD HYDROGEN STORAGE SYSTEMS A, B, C 

 STORAGE PARAMETER UNITS 2005 2010 2015 

tank FC=fuel cell, I=ICE 10 ICE  35 ICE 35 ICE 

Transient response 10%-90% and 90%-
0% j 

Sec    0.5 0.5 0.5

Start time to full flow at 20°C Sec    4 0.5 0.5

Start time to full flow at minimum ambient Sec    8 4 2

Refueling ratek kg H2/min    0.5 1.5 2

Loss of useable hydrogenl (g/hr)/kg H2 stored 1 0.1 0.05 

Permeation and leakagem  SCCM/hr Federal enclosed-area safety-standard 

Toxicity  Meets or exceeds applicable standards 

Safety  Meets or exceeds applicable standards 

Purityn 98%

a.  Based on the lower heating value of hydrogen and a minimum of 300-mile vehicle range; targets are for the complete system, including tank, material, valves, regulators, 
piping, mounting brackets, insulation, added cooling capacity and/or other balance-of-plant components.   

b.  Unless otherwise indicated, all targets are for both internal combustion engine and for fuel cell use, based on the low likelihood of power-plant specific fuel being commercially 
viable.  

c.  Systems must be energy efficient - for reversible systems, greater than 90% energy efficient; for systems generated off-board, greater than 70% life-cycle efficiency. Useful 
constants: 0.2778 kWh/MJ, 33.3 kWh/gal gasoline equivalent. 

d.  Generally the ‘full’ mass (including hydrogen) is used, for systems that gain weight, the highest mass during discharge is used. 
e.  2003 U.S. $; total cost includes any component replacement if needed over 15 years or 150,000 mile life. 
f.  2001 U.S. $; includes off-board costs such as liquefaction, compression, regeneration, etc; 2015 target based on H2 production cost of $1.50/gasoline gallon equivalent untaxed. 
g.  Stated ambient temperature plus full solar load 
h.  Equivalent to 100,000; 200,000; and 300,000 miles respectively (current gasoline tank spec).  
i.  All targets must be achieved at end of life 
j.  At operating temperature. 
k.  2015 target is equivalent to 3-5 minutes refueling time. 
l.  Total hydrogen lost from the storage system, including leaked or vented hydrogen; relates to loss of range. 
m.  Total hydrogen lost into the environment as H2; relates to hydrogen accumulation in enclosed spaces.  Storage system must comply with CSA/NGV2 standards for vehicular 

tanks. This includes any coating or enclosure that incorporates the envelope of the storage system. 
n.  For fuel cell systems:  less than 10 ppb sulfur, 1ppm carbon monoxide, 1 ppm carbon dioxide, 1ppm ammonia, 100 ppm hydrocarbons; oxygen, nitrogen and argon can not 

exceed 2% on a dry basis. 
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Workshop on Hydrogen Storage Materials 
 
An automotive original equipment manufacturer’s systems level perspective on on-board hydrogen storage was discussed. The basis 
was the plenary presentation given by General Motors at the Workshop on Hydrogen Storage Materials that was held at Argonne 
National Laboratory on August 14th and 15th 2002. The key message was, based on the status of current technology, none of the 
storage technologies being developed in the DOE program is applicable to a broad range of vehicle platforms. Figure 3 illustrates the 
hydrogen storage requirements for vehicle applications; it is slightly modified from that presented at the ANL workshop. The 
minimum acceptable performance for one or two light-duty vehicle platforms is 6 MJ/L and 6 MJ/L.  To meet the needs of a broad 
range of vehicle platforms, the goal is about 12 MJ/L and 12 MJ/L.  (These targets were subsequently modified by the FreedomCAR 
Hydrogen Storage Technical Team, which includes representatives from DaimlerChrysler, Ford, GM, and DOE.)  These volumetric 
and gravimetric densities correspond to fully packaged storage systems, not solely the storage medium. 
 

FIGURE 3.  HYDROGEN STORAGE REQUIREMENTS AND STATUS FROM AN OEM PERSPECTIVE 
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Storage Tank Baseline Design and Technology Status 
 
Mr. James of Directed Technologies, Inc. presented baseline designs for 350 bar (5000 psi) and 700 bar (10,000 psi) Type 4 all-
composite tanks and compared these designs with the DOE technical targets. The Directed Technologies 2001 status estimate of high-
pressure hydrogen tank technology showed that the volumetric energy storage density was deficient by a significant percentage and 
that the cost was an order of magnitude too high. The potential issues related to high-pressure storage tank technology were presented 
as a point of departure for the workshop discussions.  
 
Workshop Discussion 
 
A pressure of 700 bar was considered the best path to achieve the DOE targets with on-board compressed hydrogen storage. However, 
the participants felt that a compelling argument has not yet been made for a specific pressure that accounts for both on-board and off-
board infrastructure issues. A study that considers volume, cost, weight, compressor cost and efficiency, infrastructure burden and the 
supply chain would have value. However, in order to have viable 750 bar designs, development and optimization of 350 bar tanks 
needs to continue to maturity. Standards are currently in place for 350 bar operation and need to be extended to 750 bar. 
  
Quantum 
Neel Sirosh summarized Quantum’s tank development indicating that their 700 bar tank is rated for 15,000 cycles and achieves 6.5% 
H2 mass fraction (bottle only).  With future structural modifications, 7.8% H2 mass fraction could be achieved. Failure modes at 700 
bar are not well understood and a better understanding of failure modes may allow structural optimization, leading to lighter, stronger 
and cost-effective tanks. 
 
Lincoln Composites (General Dynamics)  
Norm Newhouse presented an overview of Lincoln Composites’ (now part of General Dynamics) tank technology and its remaining 
development issues. He also presented Canadian work on tank sensors that may hold promise for the development of “smart” tanks 
that could provide an on-board, real-time measure of a storage tank’s “state of health”. 
 
Lawrence Livermore National Laboratory  
Salvador Aceves summarized the Lawrence Livermore National Laboratory work to develop pressurized cryogenic storage tanks. 
Cryogenic tanks that can withstand elevated pressure can reduce hydrogen loss due to boil-off over extended storage periods. Cost 
effective designs are being developed. Andrew Weisberg presented ideas for radical shapes for hydrogen containers that may better 
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utilize the volume available for hydrogen storage on-board a vehicle. Radical shapes may also serve to distribute the high-pressure 
over smaller volumes and /or in various cage structures. Several smaller volumes of hydrogen contained at high-pressure may provide 
greater margins of safety compared to one or two larger on-board tanks. 
 
The workshop participants identified new and improved materials and resins research for liners and tanks as critical to further 
reductions in cost and weight. Metal/ceramic composites for ancillary components, low cost engineered fibers and materials capable 
of cryogenic conditions should be investigated. The participants cited the need for the emergence of a tank component supply chain as 
key in achieving cost effective tank systems that are robust, safe and acceptable to consumers. 
 
A fundamental understanding of the safety issues related to hydrogen fuel on board a vehicle was identified as a high priority for 
further R&D. Data from a statistical number of tanks that have been failure tested should be developed. Existing data related to tank 
failures needs to be collected and analyzed. Measurements of the pressure wave resulting from a tank failure and its effect on the 
vehicle and occupants are needed. The workshop identified the need to understand component failure modes related to on-board tank 
storage systems. This includes not only the tank but also the regulators, valves and connectors. Some of the participants thought a 
reduction in the burst/safety factor to 1.8 could be supported if used in conjunction with a smart tank safety system with embedded 
sensors that have the capability to detect incipient damage and limit fill pressure until repairs could be made. The achievable mass 
fraction could then increase to 8.1%. There is a need for gathering centrally-located safety data bank for reference by the tank 
community, specifically data from work at the national laboratories and independent test organizations. Tests should be conducted in 
an independent facility that has the capability to test tanks to failure under realistic scenarios. Data should be shared within the 
community where possible. The DOE could play an important role to provide funds for this research. 
 
Safety of on-board high-pressure tank systems depends on a reliable vehicle-tank interface during refueling. Development of 
standardized refueling interface hardware and software is required. For this to happen, experimental data on interface component 
performance and failure modes must be developed to support standards development activities. The participants agreed that a 
hydrogen-fueled vehicle should be in control of on-board safety and not be reliant on controls at a refueling station to ensure safe 
refueling. 
 
The DOE hydrogen permeation rate target was discussed regarding its origins and whether it is appropriate for compressed and 
liquefied hydrogen storage tanks. Some of the workshop participants thought its origin was related to the specification for indoor gas-
fired appliances. There is a need for studies on the thermal expansion of the tank liner relative to the outer tank at low pressure and at 
high temperature. Temperature changes during fast fill could present a challenge.  
 
Table 2 below summarizes the consensus findings of the workshop participants. The topic area, recommended action and completion 
date for each of the recommended R&D topics were prioritized in the ranked order shown. 
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TABLE 2.  COMPRESSED AND LIQUEFIED HYDROGEN STORAGE WORKSHOP FINDINGS SUMMARY  

WORKSHOP FINDINGS SUMMARY 
RANK RESEARCH AREA RECOMMENDED ACTIVITY END DATE 

1 Structural optimization of tanks, 
liners and components 

Better understanding of failure modes to optimize 
structural shell (lower weight and cost) 2006 

2 

Vehicle H2 Safety 
• Pressure wave 
• Realistic failure scenarios 
• Fundamental understanding of failures 

R & D 
 

• Collect existing statistics/data for hydrogen vehicle 
including failure modes of tanks 

• Extend standards to 700 bar 
• Test disposal nozzle 
• Measure pressure wave 
• Investigate friable matrixes that turn to dust upon 

failure 
• Develop component test facility 
• Measure impact durability at pressure 
• Investigate physical instabilities 

2005 

3 

Materials Research: 
Materials composition and CTE at high 
pressure and low temperature 
     

• Investigate metal / ceramic composites for ancillaries 
• Develop new resins 
• Develop lower cost engineered fibers 
• Trade-off strength versus cycle life 
• Study liner materials/design/processing 

2009 

4 

High-pressure balance of plant 
components : tubing, fittings, check 
valves, regulators, mounting, filters, 
relief devices, shutoff valve and sensors 

• Develop lighter, cost-efficient components and 
supplier base 

• Establish component test facility 
• Develop certification test protocol 

2005 

5 

“Smart tank & storage systems” 
(note Canadian work already exists) 
 

• Develop sensing technologies that enable lower burst 
pressure ratio and cycle life requirements 

• Achieve consumer acceptability 
• Participate in education and outreach 

2005 

6 

Refueling strategy 
 

• Develop interface hardware and software systems to 
enable a vehicle to  control safety independently of 
the fueling infrastructure 

• Develop thermal management strategies for fast full 
fills 

2006 

7 
Containment shapes with internal 
structure utilizing continuous fiber 
fabrication 

• Demonstrate radical conformable containment 
structures to reduce tank mass by factor of 2 to 5 

2009 
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WORKSHOP FINDINGS SUMMARY 
RANK RESEARCH AREA RECOMMENDED ACTIVITY END DATE 

8 
Hydrogen leakage rates: 
Permeation through liner both at ambient 
and cryogenic temperatures 

• Investigate permeation rates through liner materials 
• Revise technical targets 2004 

9 Active cooling for hydrogen • Investigate on and off board cooling 2009 

10 Fueling station economics 
   

• Study throughput needed to achieve economic 
operation 

2004 
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Storage Tank Design Straw man 
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