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Question and Answer 

• Please type your questions 
into the question box 
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DOE Fuel Cell Technologies Office 

Strengthening U.S. energy security and the economy through R&D on hydrogen and fuel cells 

Fuel Cell Cost  
 
 
Durability 

H2 Cost at Pump 

$40/kW 

5,000 hrs 80,000 hrs 

$1,000/kW* 
$1,500/kW** 

<$4/gge 
<$7/gge (early market) 

$10/kWh H2 Storage Cost   
(Onboard) 

2020 Targets by Application  

*For Natural Gas 
**For Biogas 

1.0 kWh/L, 1.5 kWh/kg 

 

Early phase applied research, development and 
innovation of hydrogen and fuel cell technologies 

that enable energy security, resiliency, and a 
strong domestic economy in emerging markets. 

  

 

Focus  
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FCTO H2 Storage Program: Goals and Objectives 

Goal: Develop advanced hydrogen storage technologies to 
enable successful commercialization of hydrogen fuel cell products 

Objective: Develop H2 storage technologies with performance to enable fuel cell 
products to be competitive with conventional technologies 

Courtesy of Marc Melaina and Eleftheria 
Kontou (NREL), and David Greene (ANL) 

For Light-Duty Vehicles: 
• Comparable driving range 
• Similar refueling time            

(~3 minutes) 
• Comparable passenger and 

cargo space 
• Equivalent level of safety 
• Cost Hyundai 

Tucson 

Toyota 
Mirai 

Honda 
Clarity 

2015 Vehicle Sales vs. Range 
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Hydrogen Storage R&D – Strategy  

Near-term: Address cost and performance of 700 bar compressed hydrogen storage 
Long-term: Develop advanced technologies with potential to meet all targets 

Composite Materials 
R&D Focus 

Dual Approach 
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The Challenges of Compressed Hydrogen 
Storage Onboard Fuel Cell Vehicles 
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Gasoline 
Hydrogen @ 700 bar 

~7x gasoline 

Gasoline 
Hydrogen @ 700 bar 

~3.5x gasoline 

Challenges for Hydrogen as an Energy Carrier 

Hydrogen is a low-density gas under all practical conditions on earth 

H2 has very low Energy Density 

Even when compressed to 
high pressures, H2 has low 

energy by volume compared 
than most other fuels! 

H2 fuel tanks onboard vehicles are 
larger than typical gasoline tanks 

… even with efficiency of the fuel cell 
is considered 
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Single Tank System Schematic 

Baseline system projections based on single tank design 

Lowest cost, but most difficult to package onboard a vehicle 



Fuel Cell Technologies Office | 8 
More Challenges for H2 as an Energy Carrier 

High-pressure H2 storage tanks are expensive and difficult to package onboard vehicles 

Conventional gasoline tanks 
are highly conformable 

High-pressure H2 tanks are larger 
and have rigid cylindrical shapes 

Much higher costs! 

Carbon fiber composite 
Balance of Plant Components 

2020 Target Ultimate Target 

$2455 for 
5 kg H2 

$3950 for 
5 kg H2 

Analysis for a single tank design 

Balance-of-Plant 
(BOP) is expensive 
and increases 
complexity & 
costs when more 
tanks are added 
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Dual Tank System Schematic 

All current commercial FCVs have dual tank designs 
Higher cost, but more effective to package onboard a vehicle 
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Hydrogen Fuel Cell Vehicles are Now Available!  

Initial vehicle rollout occurring with compressed 700 bar pressure hydrogen storage 

Hyundai Tucson Fuel Cell Toyota Mirai 

Photo Credit: Hyundai Motor Photo Credit: Toyota Motor 

Honda Clarity 
Photo Credit: Honda Motor 

All current commercial 
FCVs use two 

700 bar composite 
overwrapped pressure 

vessels for onboard 
hydrogen storage 
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• Shown is the projected 2015 status of 700-bar, Type IV COPV systems with the 
Program’s 2020 and Ultimate targets 

• Approximately 50% cost reduction is needed to meet the Ultimate cost target at 
high volumes (i.e. 500k units/yr.) 

• Based on the Storage Targets, there is a need for ~2X higher energy density 

Current Status vs. Revised Targets 

Cost reductions must be met without decline in hydrogen storage system performance 

1 Projected at 500,000 units/year 
2 FCTO Data Record #15013, 11/25/2015:   
https://www.hydrogen.energy.gov/pdfs/15013_onboard_storage_performance_cost.pdf  

Storage Targets 
Gravimetric 

kWh/kg 
(kg H2/kg system) 

Volumetric 
kWh/L 

(kg H2/L system) 

Costs 1 

$/kWh 
($/kg H2) 

2020 1.5 
(0.045) 

1.0 
(0.030) 

$10 
($333) 

2025 1.8 
(0.055) 

1.3 
(0.040) 

$9 
(300) 

Ultimate 2.2 
(0.065) 

1.7 
(0.050) 

$8 
($266) 

Current Status 2 
700 bar compressed  
(5.6 kg H2, Type IV, Single Tank) 

1.4 
(0.042) 

0.8 
(0.024) 

$15 
($500) 

The full set of H2 storage targets can be found on FCTO’s websites:  
https://energy.gov/eere/fuelcells/downloads/doe-targets-onboard-hydrogen-storage-systems-light-duty-vehicles  
https://energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydrogen-storage-light-duty-vehicles    

https://www.hydrogen.energy.gov/pdfs/15013_onboard_storage_performance_cost.pdf
https://energy.gov/eere/fuelcells/downloads/doe-targets-onboard-hydrogen-storage-systems-light-duty-vehicles
https://energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydrogen-storage-light-duty-vehicles
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700 bar compressed status vs. 2020 targets  

Cost remains a key challenge  

Based on FCTO Program Record 15013.  
Fuel cost assumes central SMR delivery and dispensed 
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How to meet the DOE cost targets? 

$0

$2

$4

$6

$8

$10

$12

$14

$16

$18

2013 2015 2020 Ultimate

? 
? 

2013:  
$17/kWh  

2015:  
$15/kWh  

2020:  
$10/kWh  -33% 

? ? 

2020:  
$10/kWh  -33% 

Ultimate:  
$8/kWh  -20% 

-47% 

-12% 
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Gurit. (2014). Gurit Guide to 
Composites. Retrieved from 
http://www.gurit.com/guid
e-to-composites.aspx  

• State-of-the-art hydrogen storage uses compressed H2 gas at 350 or 700 Bar in 
Composite Overwrapped Pressure Vessels (COPV) 

• COPVs are constructed using carbon fiber reinforced polymers that are wrapped 
about metallic (Type-III) or polymeric (Type-IV) liners 

Composite Overwrapped Pressure Vessels 

Composite materials enable high-strength and lightweight on-board hydrogen storage 

COPV manufacturing process via filament 
winding (Credit: Quantum Technologies, 2012)  

A detailed schematic of a 700-bar Type-IV COPV for on-board 
FCV hydrogen storage (Credit: Argonne National Laboratory)  

http://www.gurit.com/guide-to-composites.aspx
http://www.gurit.com/guide-to-composites.aspx
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Carbon Fiber Reinforced Polymer (CFRP) 
Composite Material Supply Chain 

Areas for cost reduction are precursor, conversion, and processing 
S. Das et al. (2016), “Global Carbon Fiber Composites Supply Chain Competitiveness Analysis”, Oak Ridge National Laboratory 
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Carbon Fiber Market Potential - Example 

Significant market share of carbon fiber could be used for fuel cell vehicles 

Est. World Carbon Fiber Supply (2020)* ~130M kg or ~287M lb  

A Simple Example: Future Market Potential for High-Strength Carbon Fiber 

2 Type III/IV tanks  Fuel Cell Car & Light Trucks  

700 bar 

700 bar 

~75 kg  
per car  

~180,000 
cars 

~13.5M kg or 
~15,000 tons ~10% X = 

Application Tank Quantity Projection CF Quantity CF needed Potential 
Market Share 

Fuel Cell Buses  

~320 kg  
per bus  

~44,000 
buses 

~14M kg or 
~15,500 tons ~10% X = 

4 Type III/IV tanks  

350 bar 

350 bar 

350 bar 

350 bar 

(*) http://www.compositesworld.com/articles/supply-and-demand-advanced-fibers-2016 
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Current Status – 700 Bar Compressed  
H2 Storage System Cost Breakout 

Reduce the costs of carbon fiber composites to drive down the hydrogen storage cost  

Ordaz, G., C. Houchins, and T. Hua. 2015. “Onboard Type IV Compressed Hydrogen Storage System - Cost and Performance Status 2015,” DOE Hydrogen 
and Fuel Cells Program Record, https://www.hydrogen.energy.gov/pdfs/15013_onboard_storage_performance_cost.pdf, accessed 5 July 2016. 

Processes 
Processes 

Composite 
Materials and  
Filament Winding 

• Shown is the cost breakdown for 
systems made at 500k units/yr.  

• The high manufactured volume (i.e. 
500k units/yr.) system cost is 
dominated, 72%, by composite 
materials and filament winding 

• This is broken down further into:  
– Carbon fiber precursor material  
– Carbon fiber precursor conversion  
– Resin material 
– Filament winding of the COPV 
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Technical Challenges and R&D Needs 

Need to reduce hydrogen storage cost, while maintaining high strength composite material  

Ordaz, G., C. Houchins, and T. Hua. 2015. “Onboard Type IV Compressed Hydrogen Storage System - Cost and Performance Status 2015,” DOE Hydrogen 
and Fuel Cells Program Record, https://www.hydrogen.energy.gov/pdfs/15013_onboard_storage_performance_cost.pdf, accessed 5 July 2016. 

What composite materials R&D could 
address these high cost items?  

• Need chemistries that yield high strength and low-cost CF 

Alternative carbon fiber precursors 

• Need capital and energy cost reduction 

Alternative carbon fiber conversions 

• Need fibers that lower cost yet high strength & low weight 

Alternative fibers to high cost carbon 

• Need low-cost resins with COPV high strength & low weight 

Alternative resins to high cost epoxies 

• Need COPV manufacturing to reduce cost by reducing CF 

Alternative COPV manufacturing 

Processes 
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• Polyacrylonitrile (PAN) is the current state of the art precursor material to 
produce CF (>90% of CF market)  

• PAN fibers exhibit a high degree of molecular orientation that imparts higher 
strength 

 
 
 
 
 

• Rayon and pitch-based CF are lower cost alternatives to PAN-based CF (<10% of 
carbon fiber market) 
– Rayon and pitch-based carbon fibers do not meet the strength and durability 

needed for 700-bar pressure COPV performance  

 

Carbon Fiber (CF) Precursor Chemistry: PAN 

Develop a lower cost carbon fiber precursor without degrading mechanical performance 

Warren, C. D., “Carbon Fiber Precursors and Conversion”, Oak Ridge National Laboratory, Department of Energy Physical-
Based Storage Workshop: Identifying Potential Pathways for Lower Cost 700 Bar Storage Vessels, August 24, 2016. 

“Zig-zag” C structure is 
desirable to build up 
CF “ladder” structure 

Getting the “zig-zag” structure with 
alternative precursors is expensive! 
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Carbon Fiber (CF) Precursor Chemistry: Alternatives 

Challenging to source alternative carbon fiber precursors with high-strength at low cost 

Warren, C. D., “Carbon Fiber Precursors and Conversion”, Oak Ridge National Laboratory, Department of Energy Physical-
Based Storage Workshop: Identifying Potential Pathways for Lower Cost 700 Bar Storage Vessels, August 24, 2016. 

• Alternative carbon fiber precursor chemistries require expensive chemical processes to 
create the chained polymer structures needed to form high-strength, cross-linked CF 
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Carbon Fiber Precursor Processing: Spinning 

Process optimization of carbon fiber precursor may yield cost savings downstream 

Melt-Spinning Warren, C. D., “Carbon Fiber Precursors and Conversion”, Oak Ridge National Laboratory, Department of Energy Physical-
Based Storage Workshop: Identifying Potential Pathways for Lower Cost 700 Bar Storage Vessels, August 24, 2016. 

• PAN fibers are usually produced using 
solution spinning processes  
– Orient the polymer chains  
– Remove the solvent  
– Obtain desired diameter 
– Handling and recovery of used 

hazardous solvents adds significant 
costs! 

• Melt and spinning processes are typically lower cost 
– Co-monomers and plasticizers are added to PAN to lower the 

melting point -> engineering challenge! 
– Allows polymer extrusion without significant degradation 
– Currently no PAN precursors are commercially produced for 

conversion to high-strength CF using melt spinning 

Solution-Spinning 
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Carbon Fiber Precursor Processing: Conversion 

Carbon fiber precursor conversion is very energy intensive and high cost 

Warren, C. D., “Carbon Fiber Precursors and Conversion”, Oak Ridge National Laboratory, Department of Energy Physical-
Based Storage Workshop: Identifying Potential Pathways for Lower Cost 700 Bar Storage Vessels, August 24, 2016. 

 ~200-300 °C 

~300 to ~1300 °C  ~2500 °C 

• Carbon fiber precursor conversion involves a series of thermal treatments  
• i.e. Stabilization, carbonization, and graphitization  

• Temperatures, heating rate, and applied tension are controlled  
• Control determines desired CF tensile strength and modulus – Expensive! 

• Possible cost reduction by alternative precursors needing less temperature for carbon fiber conversion 
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• Oxygen and/or oxidative species needs to diffuse 
through the oxidized PAN “skin” 

• Diffusion of oxygen to reactive sites is restricted, 
with subsequent reactions following more slowly 

• The limiting or controlling factor is diffusion 
• Ex. It requires 2.1 lbs of PAN precursor to make 1 lb 

of carbon fiber, due to elemental mass losses 

Carbon Fiber Precursor Processing: Conversion 

Excess time and energy costs inhibit maximizing CF yield during precursor conversion 

Warren, C. D., “Carbon Fiber Precursors and Conversion”, Oak Ridge National Laboratory, Department of Energy Physical-
Based Storage Workshop: Identifying Potential Pathways for Lower Cost 700 Bar Storage Vessels, August 24, 2016. 
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EERE R&D Examples: CF Precursors and Conversion 

Lower cost carbon fiber precursor -> lower cost carbon fiber -> lower cost hydrogen storage! 

Warren, C. D., “Carbon Fiber Precursors and Conversion”, Oak Ridge National Laboratory, Department of Energy Physical-
Based Storage Workshop: Identifying Potential Pathways for Lower Cost 700 Bar Storage Vessels, August 24, 2016. 
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• Precursor development for low-cost, high-strength carbon 
fiber (CF) for use in composite overwrapped pressure vessel 
applications 
– Resulting CF to have properties similar to Toray T700S 
– Target cost of $12.60/kg of CF 

 
• Areas of interest: 

– PAN-based fibers formulated with co-monomers and additives that 
permit lower cost processing to produce the PAN fiber than conventional 
solution spinning processes, and or that reduce the conversion cost of the 
PAN-fiber to CF; 

– Polyolefin-based fibers capable of being cost effectively converted into 
high-strength CF; 

– Novel material precursor fibers that can lead to low-cost, high-strength CF 
production. 

Previous FY2017 FOA Topic on CF Precursors  

Addressing the cost of high-strength carbon fiber 
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New FY2017 FOA Selections: Low-Cost CF Precursors 

• Oak Ridge National Laboratory 
(ORNL) 

• Novel Plasticized Melt Spinning Process of 
PAN Fibers Based on Task-Specific Ionic 
Liquids 

• PI: Sheng Dai  

 
• The Pennsylvania State University 

(PSU) 
• Developing A New Polyolefin Precursor 

for Low-Cost, High-Strength Carbon Fiber 
• PI: Mike Chung  

 
 

• University of Kentucky  
(UK) 
• Precursor Processing Development for 

Low-Cost, High-Strength Carbon Fiber for 
Composite Overwrapped Pressure Vessel 
Applications 

• PI: Matthew C. Weisenberger  
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Alternative Fibers to High Cost Carbon 

Low cost, high-strength alternative fibers may be fit for hydrogen COPVs  
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Alternative Resins to High Cost Epoxies 

Find resins at lower cost, lower density, and higher performance to better use carbon fiber 
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Alternative COPV Manufacturing:  
Vacuum-Assisted Composites Processing 

Reduce carbon fiber use with better fiber utilization through alternative manufacturing  
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Alternative COPV Manufacturing: Graded 
Construction  

Hybridization of high-cost carbon fiber with lower cost alternatives to reduce total cost 
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Alternative COPV Manufacturing:   
Conformable Compressed H2 Storage Vessels 

 Conformable designs may permit for optimized COPV packaging to reduce carbon fiber use 
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Leveraging efforts of the Institute for Advanced Composites Manufacturing Innovation 

Institute for Advanced Composites Manufacturing Innovation 

Leveraged project: Thermoplastic Composite Compressed Gas Storage Tanks 

Cross-Cutting: IACMI-The Composites Institute 

• Institute of Manufacturing USA 
• Managed by the EERE Advanced Manufacturing Office 
• Technology Focus Areas: 

- Vehicles 
- Wind Turbine Blades 
- Compressed Gas Storage Vessels 
- Design, Modeling & Simulation 
- Composite Materials & Processes 

 

• Project lead: DuPont 
• Partners:   

- Composite Prototyping 
Center (CPC) 

- Steelhead Composites 
- University of Dayton 

Research  Institute (UDRI) 
• Kick-off:  FY2017, Q1 
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Recent Progress on Cost Reduction 

12% net hydrogen storage system cost reduction in two years attributed to R&D activities  

Shown for the 2013 baseline to the 2015 updated cost for 
700-bar compressed H2 storage systems at 500k units/yr.  

 

Based on Program Record 15013  
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Unmanned 
Aerial Vehicles 

(UAV) 

Unmanned 
Underwater 

Vehicles (UUV) 

Portable Power 
Systems 

Materials 
Handling 

Equipment 

Airport Ground 
Equipment 

Fuel Cell Range 
Extenders of 

EVs 

Energy Carrier 
for Electrical 
Grid Storage 

Fuel Cell 
Electric 
Vehicles 

Stratospheric 
Satellites Robotics 

Transport 
Refrigeration 

Units 

Fuel Cell 
Aircraft 
Systems 

Hydrogen Storage for Mobile Applications 

Wide variety of high-value automotive & non-automotive applications of H2 fuel cell technologies 

B. A. van Hassel, United Technologies Research Center (UTRC), “H2 Storage for Mobile Applications,” 
IEA Task 32: Hydrogen-based Energy Storage January 18th-23rd, 2015 Chamonix, France. 

Examples: 
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Summary 

DOE-FCTO has a multi-prong approach for addressing the technical  
challenges and R&D needs of on-board hydrogen storage systems   

Successful FCV rollout requires cost reductions of the  
hydrogen storage system 

700-bar compressed hydrogen storage relies on  
carbon fiber composite materials technologies 

Significant R&D is needed to reduce the carbon fiber  
composite materials costs to meet DOE system targets 

Innovation and early stage R&D are needed in areas such as 
fiber & resin technologies and COPV manufacturing 
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Question and Answer 

• Please type your questions 
into the question box 
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Thank You! 
 
 

 

hydrogenandfuelcells.energy.gov 

Jesse Adams 
Technology Manager 

Hydrogen Storage Program 
DOE Fuel Cell Technologies Office 

John J. Gangloff Jr., Ph.D. 
EERE Science & Technology Policy Fellow 

Hydrogen Storage Program 
DOE Fuel Cell Technologies Office 
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