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Why we should work toward 
alternately fueled vehicles

ÅIncreasing numbers of drivers will consume 
increasing amounts of energy.

ÅConsumes resources.

ÅEmits byproducts.

ÅFuel diversity offers 

us options.
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What hydrogen fueled vehicles need

ÅCustomers will expect equivalent function at 
equivalent price.

ÅStorage systems must be dependable, 
responsive, convenient and of course safe.

ÅGovernment goals are one yardstick.

ÅCompressed gas tanks which will supply fuel in 
many of the first vehicles are another.

ÅInfrastructure development is as critical as 
vehicle development.



In vehicle system terms:
ÅSystems need to reach at least

ï4.5% mass hydrogen delivered to the fuel cell.

ï28g/L hydrogen delivered.

ïHydrogen supply can not lag fuel cell demand.

ïDriving range must be adequate, refill needs to be 
ǊŀǇƛŘΣ Ƴǳǎǘ ƻǇŜǊŀǘŜ ƛƴ ŀƭƭ ŎƻƴŘƛǘƛƻƴǎΣ Ŧŀǎǘ ǎǘŀǊǘ ǳǇΧ

For 5kg of H2 delivered
System might be :

110kg
180L

Roughly the same as a 
large person, say:
Arnold Schwarzenegger
1.88m, 113kg



Advantages of new storage 
approaches

ÅComplex hydrides offer potential for high 
specific mass.

ÅClassic metal hydrides improve use of volume.

ÅAdsorbents might improve in both dimensions.

ÅReaction systems are simple and low pressure.

N. Stetson, 
US Dept. of 
Energy, 2010.
Update of AMR 
(2010) 
presentation.
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Adsorbantsmay be entering a new 
phase of progress

ÅVery fast kinetics and low heat of adsorption yield 
a responsive system but one that needs 
significant engineering help.

ÅRecent progress ςunconfirmed ςindicates 
greater than 7.5% excess is possible at 77K.

Yang, Schroder ,et al. 
Chemistry ςa European 
Journal, May, 2009



Moving to normal ambient conditions is 
valuable, can the materials be found?

ÅAdvances in materials for ambient operation 
are still in their infancy.

ïDo advancements at 77K transfer? Will pore size 
matter as much?

ïResidual hydrogen a much smaller problem.

Poirier and Dailly
Nanotechnology 20, 2009



Hydrides must push past 
thermodynamic and kinetic barriers
ÅComplex hydrides have capacity but are 

challenged on thermodynamics and kinetics.

ïKinetics in solid state are inherently challenging in 
automotive time scales.

ÅMetal hydrides have fast kinetics and 
appropriate thermodynamcsbut are currently 
too low in capacity.

Hwang, Bowman, et al. J Phys 
ChemC letters, 112, 2008



Off-board regeneration is a less 
studied approach 

ÅSubstantial advancement in regeneration of 
the material off-board.

ÅMaintaining a fluid phase while achieving 
storage needs to be demonstrated in a cost 
effective material.

ÅMay still need heat

transfer in use.

Ebrle, Federhoff, AngChemie, 
2009



Heat transfer is a leading engineering 
challenge

ÅRefill on board requires extraordinary heat 
transfer ςappreciable fractions of a megawatt.

ÅAgile response to transients may also test the 
heat transfer system.

Expanded 
natural 
graphite
conductivity 
modifier
International Journal 
of Hydrogen Energy 28 
(2003) 515 ς527

Aggressive test cycle

Minimal to full flow 
in ~2 seconds



Containment and mass transfer are 
another engineering requirement

ÅHydrides evolve and must be controlled.

ïDecrepitationcan burst walls.

ïTunnels and cracks alter flows.

ïParticle ripening and sintering change response.

Possible flow channel in full scale 
sodium alanatestorage bed



Refueling onboard vsoff-board
ÅOffboardrefueling has some advantages:

ïFill time can be different than refuel time.

ïHeat management may be easier.

ïHeat generated might be used profitably.

ïCan lower vessel wall engineering requirements.

Chrysler Natriumςdemonstration
of  an off-board regenerated 
hydrogen carrier



Refueling onboard vsoffboard
ÅOnboard refueling of vehicles is desirable:
ïConsumer acceptance.

ïMake/break the hydrogen tight seal to the fill 
hose, not within the fuel system.

ïbƻ ŎƻƴŎŜǊƴ ŀōƻǳǘ ǿƘƻΩǎ ǘŀƴƪ ƛǘ ƛǎ ƻǊ ƛŦ ǘƘŜ ǉǳŀƭƛǘȅ 
is acceptable.

ïFixed control system and heat transfer system is 
more reliable.

ïSystem can fill fast.

On balance this is the 

OEM preference
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Splitting the difference ςliquid carriers
ÅConsumer friendly pumping a liquid into a low 

pressure tank.

ÅUsed fuel returned in emptied compartments 
of tanker trucks.

ÅRecharging can be at a slower rate.

ÅAny heat generated can be used.

Cooper, et al., DOE 
Annual Merit Review, 
2008.

Wang, Jensen, et al., J 
OrganometalicChem, 
694, 2009.

Rates at 200 C

5% 
Pt/Al2O3

HH

1 bar H2, 

235oC 

HH

99% conversion of cis,cis-perhydrofluorene



Cost
ÅTIAX estimates, based on rather advanced 

design concepts, suggest that alternatives 
might be cost competitive to compressed gas.

ÅThe key is making the materials needed, and 
implementing those 

designs.
Key System Requirements

Storage Medium

ω5.6 kg recoverable H2
ω4-bar minimum delivery P, Type-3 
Containment Vessel

ω2.25 safety factor

ω5,500 P and T cycles

Heat Transfer System

ω1.5 kg/min H2 refueling rate

ω1.6 g/s H2 min flow rate

ω1.3 W in-leakage rate through MLVSI

Vacuum 

Insulation
Carbon 

FiberShell SupportMOFLiner 

H2 in

Flow 

Controller

To Engine

Relief

 Valve

Sensor

Valve

Heat 

Exchanger

Pressure

Regulator

P

 Shut-off

Valve
Pump

R K Ahluwalia, T Q  Huaand
J-K Peng
Storage System Analysis 
Working Group Meeting

24 February 2010 



Implications: Cost of compressed gas 
must be driven down

ÅTo launch the vehicle portion of the hydrogen 
economy, we need the cost of tanks to drop.

ÅCompressed gas can function on many vehicles, 
so for alternatives to prosper it is essential they 
do better than compressed gas.

ωCurrent tanks near or 
past all goals except 
cost, cost projected to 
be <2,000 euro for 5kg 
H2.


