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Value	Proposition	to	FCTO
• We	provide	deep,	quantitative	understanding	and	a	scientific	

basis	for…
o Materials	– methods	for	discovery	and	evaluating	their	properties	and	

performance	for	hydrogen	production,	storage	and	utilization
o Safety	– innovations	in	risk	analysis	and	the	creation	of	risk-informed	

standards

• We	build	on	our	science	and	engineering	R&D	to	perform	
innovative	systems	engineering	and	develop	technologies	that	
enlarge	hydrogen	and	fuel	cell	application	space
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FCTO	Core	and	Enabling	Capabilities
Core	Capability # Enabling	Capability February	12,	2016
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Advanced	Renewable	
Electrolysis Existing

Ambient	to	high	temperature	and	
alternate	chemistries

Solar	Thermochemical	
Hydrogen	Production	
and	Storage

Existing 17,	18
Core	capability	includes	the	
National	Solar	Thermal	Test	Facility

Hydrogen	Emergency	
Response	Training	for	
First	Responders	
(HAMMER)

Existing 22

Core	capability	in	the	in-depth	
understanding	of	H2	properties,	
teaching,	and	unique	hands-on	
training;	Safety	Panel

Hydrogen	behavior	
and	risk	evaluation	 Existing 17 SNL	has	developed	QRA	methods

Hydrogen	Fueling	

Infrastructure	

Research	and	Station	

Technology	(H2FIRST)

Existing 19

This	capability	will	be	one	of	the	

most	critical	moving	forward	and	

leverages	2	primary	labs;	others	

may	join

Materials	

Compatibility	in	High	

Pressure	Hydrogen

Existing 17

Capability	provides	"science	basis"	

for	flaw	tolerance/stability,	sub-

critical	crack	growth	and	burst	in	

hydrogen	applications,	e.g.,	tank	

life	cycles

MEA/electrode	
development

Existing 17,	18
LANL;	NREL;	ANL	-	Electrode/MEA	
development	and	materials	
integration

Alkaline	exchange	
membranes/	
electrolytes

Existing 6,	18
Alkaline	exchange	membrane	
design,	synthesis,		development	
and	testing

Carbon	fiber	
development,	
production	and	testing

Existing 17
Unique	capability	leveraging	other	
Offices	(AMO,	NNMI,	etc.)

Polymer	composite	
testing	and	evaluation

Existing 22
Will	investigate	status	and	plans	in	
FY15-16	-	Capabilities	shared	with	
Delivery	and	SCS

H2	storage	material	
characterization	
resources

Existing 5,6,17
Unique	capabilities	critical	for	
characterization	and	evaluation	of	
hydrogen	storage	materials

H2	storage	materials	
discovery	and	
development	
consortium	(HyMARC)

Emerging 5,6,17,18

Core	national	lab	team	to	lead	the	
consortium	effort	on	hydrogen	
storage	materials	discovery	and	
development

H2	storage	materials	

discovery	and	

development	

consortium	(HyMARC)

Emerging 5,6,17,18

Core	national	lab	team	to	lead	the	

consortium	effort	on	hydrogen	

storage	materials	discovery	and	

development

Prototype	solid	state	

hydrogen	storage	

system	testing,	

engineering	and	

modeling

Existing 19

Capabilities	to	test	and	evaluate	

complete	prototype	materials-

based	hydrogen	storage	system	

against	model	predictions	

Life-Cycle	Analyses	for	
Fuel	Cells	and	
H2/Infrastructure

Existing 7,	10,	23
GREET/life	cycle	
emissions/petroleum	analysis

Hydrogen	
infrastructure	scenario	
and	technoeconomic	
analysis

Existing 23
Fuel	Cell	Technical	
Management	support Existing 17,	18

"Firewalled"	from	PI	efforts

Hydrogen	Fueling	
Infrastructure	
Research	and	Station	
Technology	(H2FIRST)

Existing 19

This	capability	will	be	one	of	the	
most	critical	moving	forward	and	
leverages	2	primary	labs;	others	
may	join
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Fig. 4. Visible, IR and UV images of turbulent, hydrogen-jet flame.
djet = 7.94 mm.

in the visible and IR images is about 5.5 m in the ver-
tical direction, and about 3.5 m in the UV image. The
irregularities in the outer edges of the flame reflect the
unsteady turbulent mixing of the fuel with ambient air.
The UV camera exposure was gated for 160 s using the
intensifier. This exposure time is sufficiently short to
nearly freeze the flow motion and reveal many features
of the instantaneous flame structure. The chemilumi-
nescence intensity recorded within each flame image is
spatially irregular and also varies from image to image,
which reflects the temporal and spatial variations found
in the instantaneous structure of turbulent flames.

Flame lengths based on all three images were used to
determine the time-average flame length (Fig. 5). The
average flame length was then taken as the flame length
averaged over five successive frames around the indi-
cated time for each point. The flame length decreases
with time due to the decrease in mass flow rate as
tank pressure is reduced. It can be seen that the short-
est flame lengths are based on the UV flame emission,
while the longest flame lengths are based on IR emis-
sion. The average values for Lvis/LIR and Luv/LIR are
about 0.88 and 0.78, respectively. As discussed previ-
ously, it is expected that LUV should indicate the loca-
tion of the primary reaction zone where the fuel is be-
ing oxidized while LIR should be more indicative of the
high temperature combustion products. The measured
flame length ratios are consistent with this proposed
flame behavior.

Based on an analysis of the transition from
momentum-controlled to buoyancy-controlled turbu-
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Fig. 5. Flame length history using visible, infrared and ultraviolet
flame emission.

lent jet flame dynamics, Delichatsios [6] developed
a useful correlation for turbulent flame lengths. The
correlation is based on a non-dimensional Froude num-
ber that measures the ratio of buoyancy to momentum
forces in jet flames. Using the nomenclature of Turns
[5] the Froude number is defined as

Fr f = uef
3/2
s

(!e/!∞)1/4[(!Tf/T∞)gdj ]1/2 , (4)

where ue is the jet exit velocity, fs is the mass fraction
of fuel at stoichiometric conditions, (!e/!∞) is the ra-
tio of jet gas density to ambient gas density, dj is the
jet exit diameter, and !Tf is the peak flame temper-
ature rise due to combustion heat release. Small val-
ues of Fr f correspond to buoyancy-dominated flames
while large values of Fr f correspond to momentum-
dominated flames. Note that the parameters known to
control turbulent flame length such as jet diameter and
flow rate, stoichiometry, and (!e/!∞) are included in
Fr f . Further, a non-dimensional flame length, L∗, can
be defined as

L∗ = Lvisfs

dj (!e/!∞)1/2 = Lvisfs

d∗ , (5)

where Lvis is the visible flame length and d∗ is the jet
momentum diameter (=dj (!e/!∞)1/2). Fig. 6 shows
the resulting correlation of flame length data from
Ref. [3] for a range of fuels (H2, C3H8 and CH4) and

Hydrogen	Behavior	and	
Risk	Assessment

Solar	Thermochemical	Hydrogen	
Production

Materials	Compatibility	with	Hydrogen

Core	Capabilities
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Hydrogen	Storage	Materials Fuel	Cell	Membranes

Systems	Engineering
Infrastructure	Scenario	and	
Techno-economic	Analysis

curve (g s-1), Am is the area of the membrane (cm2), l is the
thickness of the membrane (µm), and ∆p is the transmembrane
pressure (psi). Typical membrane samples were between 30 and
50 µm thick.

Synthesis of PS-CM. Polymers were prepared with various
degrees of chloromethylation. The procedure for preparing PS-CM
with 1.25 -CH2Cl groups per repeat unit is described. PS (18.02
g) was dissolved in 450 mL 1,1,2,2-tetrachloroethane in a two-
necked flask equipped with a magnetic stir bar and a condenser
under nitrogen. A mixture of dimethoxymethane (199 mL, 2.2 mol)
and 180 mL of 1,1,2,2-tetrachloroethane was slowly added over
30 min followed by addition of SOCl2 (82 mL, 1.1 mol). A solution
of ZnCl2 (6.13 g, 45 mmol) in 45 mL of THF was then added, and
the reaction was heated at 60 °C for 5 days. After cooling to room
temperature the reaction was poured into methanol (2 L). The
precipitate was collected by filtration, dissolved in 300 mL of
CH2Cl2, and reprecipitated into acetone (2 L). The precipitate was
collected by filtration and dried under vacuum to yield an off-white
solid (17.9 g).

Casting and Amination of Films. Solutions of PS-CM in
dimethylacetamide (5–8% w/w) were filtered into glass dishes and
placed in a vacuum oven at 50 °C for 24 h. The oven temperature
was then increased to 80 °C over 2 h and was held there for 1 h, after
which the films were removed from the dishes by immersing them in
water. To form the benzyltrimethylammonium functional groups, the
films were immersed in a 45% (w/w) solution of trimethylamine in
water in a closed container for 48 h at room temperature. They were
then soaked in 1 M NaOH for 48 h to exchange the chloride ions for
hydroxide ions. Finally, the membranes were immersed in deionized
water for at least 24 h prior to analysis.

Results and Discussion

The synthetic scheme for the preparation of the membranes
is shown in Figure 1. The chloromethylated polysulfone, PS-

CM, was prepared by a chloromethylation reaction on the
unfunctionalized parent polymer, PS. To avoid handling the
highly toxic reagent chloromethyl methyl ether (CMME), it
was generated in situ according to the procedure of Wright
et al.17 during the synthesis of PS-CM. 1H NMR analysis
indicated that chloromethylation of PS occurred at the
activated positions of the biphenyl moieties and that the
chloromethylation reaction occurred a maximum of once on
each aryl ring in the biphenyl unit (Figure 2). One functional
group per aryl ring can be explained by both the steric and
electron withdrawing effects of a chloromethyl group which
would prevent addition of a second group on the same ring.
Figure 2 clearly shows that as the degree of functionalization
(DF) of PS-CM is increased, the peaks for the protons in
the biphenyl units (a′ and b′) decrease in size, and three new
peaks of equal intensity (e, f, and g) arise in the aryl region.
The intensities of each of these new aryl peaks is half that
of the new peak from the two protons in the newly formed
chloromethyl group (h) which appears at 4.6 ppm and
increased in size as the DF increased. The extent of
chloromethylation was determined by an analysis of the 1H
NMR spectra in which the integrals of the signals from the
-CH2Cl groups were compared to the sum of the integrals
of the signals from all aromatic protons.

Table 1 summarizes the reaction conditions and results
for seven different batches of PS-CM. In all cases, the
reaction temperature was 60 °C and 1 equiv of ZnCl2 was
added as catalyst. As the data shows, the reaction was rather
slow and required a large excess of chloromethylating reagent

(17) Wright, M. E.; Toplikar, E. G.; Svejda, S. A. Macromolecules 1991,
24, 5879.

Figure 1. Synthesis of PS and chloromethylation to form PS-AEMs.

2568 Chem. Mater., Vol. 20, No. 7, 2008 Hibbs et al.

dielectric materials.14 Six pendant phenyl groups per
repeat unit and the mix of meta and para configurations
imparted by the regiochemistry of the Diels-Alder
polymerization make these materials readily soluble in
organic solvents and easily processed into thin films.
The large number of pendant phenyl groups provides
for the facile introduction of up to six sulfonic acid
groups per repeat unit, a fact that we use to study the
influence of the degree of sulfonation on ionic conductiv-
ity, water uptake, and thermal stability.

Experimental Section
Materials. 1,4-Bis(2,4,5-triphenylcyclopentadienone)ben-

zene, or bis(tetracyclone), was prepared as described else-
where.15 1,4-Diethynylbenzene was purchased from GFS and
sublimed at room temperature before use. Diphenyl ether,
chlorosulfonic acid, dimethylacetamide (DMAc), and anhy-
drous methylene chloride were used as received from Aldrich.

Synthesis of DA Poly(phenylene) [SDAPP0]. Polymer-
izations were performed using a slight modification of the
method described in the literature.16 To bis(tetracyclone) (50.0
g, 72.4 mmol) and 1,4-diethynylbenzene (9.13 g, 72.4 mmol)
in a 500 mL Schlenk flask, diphenyl ether (250 mL) was added,
and the resulting mixture was frozen in an ice bath. The
mixture was freeze-thaw degassed (3 times) before heating
under argon (1 atm) at 180 °C for 24 h. Periodically, carbon
monoxide was vented to avoid over-pressurization of the
reaction flask. Subsequently, additional diethynylbenzene
(0.10 g, 0.8 mmol) was added to the viscous slurry, and the
mixture was stirred for an additional 12 h at 180 °C. The
reaction vessel was then cooled to room temperature, and its
contents were diluted with toluene (300 mL). The polymer was
precipitated by dropwise addition of the solution to 1000 mL
of acetone. This dilution in toluene and precipitation in acetone
was repeated, and the resultant white solid was dried in a
vacuum oven for 12 h at 80 °C, 48 h at 230 °C, and 24 h at
room temperature. A 96% yield (52 g collected) of a tough,
yellow solid was obtained.

Sulfonation of DA Poly(phenylene). In a typical sul-
fonation, SDAPP0 (7.02 g) was added to a flame-dried, 500
mL three-neck, round-bottom flask under argon and dissolved
in methylene chloride (6% solution by weight). The solution
was cooled to -50 °C (dry ice/acetonitrile), and chlorosulfonic
acid (4.30 g, 36.9 mmol) diluted in chloroform (20 mL) was
added dropwise though an addition funnel over 15 min while
being vigorously stirred with a mechanical stirrer under an
argon atmosphere. This amount of chlorosulfonic acid gave a
4:1 ratio of acid to polymer repeat unit. Other ratios of
sulfonating agent to polymer repeat unit were prepared to
attain polymers with various ion exchange capacities, as
discussed in the Results and Discussion section. The mixture
darkened from bright yellow to black during chlorosulfonic acid
addition. After 30 min the reaction was warmed to room
temperature, at which point a dark solid precipitated. The
organic solvent was decanted, and to the remaining solid was
added 300 mL of a 0.5 M solution of NaOH that was allowed
to react at room temperature for 12 h. The slurry was then
heated for 4 h at 80 °C to ensure sulfonyl chloride conversion.
The off-white solid was Soxhlet extracted with deionized water
for 48 h and dried in a vacuum oven at 100 °C for 48 h to
obtain light yellow solid (9.52 g). 1H NMR (d-DMSO): δ (ppm)
) broad signal 6.35-7.22 (peaks at 7.19, 7.09, 6.95, 6.88, 6.64,

6.54). 13C NMR (DMSO-d6): δ (ppm) ) broad signal 138-141
(peak at 139) broad signal 131-126 (peaks at 126.9, 128.7,
129.5, 131.0).

Formation of Films. The sodium salt of the sulfonated
polymer was dissolved in DMAc (10 wt % solution) and filtered
though a 2 µm syringe filter (glass microfiber filter). The
solution was cast onto a clean glass plate in an oven at 90 °C
under N2. After 20 h, the film was removed from the glass
plate and immersed in deionized water (1 L, 18 MΩ) for 1 h
at 100 °C to extract any residual DMAc. The resultant film
was then converted into the acid (proton) form by immersion
in 2.0 M H2SO4 at 100 °C for 1 h. The film was then rinsed
thoroughly with deionized water and then soaked in deionized
water (18 MΩ) at 100 °C for another hour to remove any
residual acid. The film was stored in deionized water until
used. A nominal film thickness of 3.0 mil (76.2 µm) was used
for all experiments, and film thickness was controlled by the
amount of solution used and casting area.

Characterization. FTIR spectra of polymer powders/KBr
pellets were collected using a Perkin-Elmer System 2000
spectrometer. Thermogravimetric analysis (TGA) under ni-
trogen was carried out on a Perkin-Elmer TGA-7 at a heating
rate of 10 °C/min. All samples were heated in the TGA furnace
at 110 °C under dry nitrogen for 30 min to remove water before
the full scan from 50 to 950 °C was performed. Differential
scanning calorimetery (DSC) was performed on a TA Instru-
ments 2010 with a heating rate of 10 °C/min.

The ion exchange capacity (IEC) of the samples was
determined by titration of acidified films. Films (approximately
5 cm × 2 cm) were soaked in 50 mL of 1.0 M Na2SO4 for 24 h.
The solutions were then titrated to an end point of pH 7 with
0.01 M NaOH. The IEC of the film was computed by

where vbase is the volume of base required to reach the end
point, [NaOH] is the concentration of the base, and mdry is the
mass of the dry polymer. All IEC values reported in this work
are the average of three titrations.

To reduce ion aggregation for in-situ characterization
(viscosity and GPC) in NMP, LiBr was added at a concentra-
tion level of 0.05 M. Intrinsic viscosities of the sulfonated
polymers were determined at 25 °C using a Ubbelohde
viscometer. Gel permeation chromatography was used to
determine molecular weights with respect with polystyrene
standards. GPC was conducted with a Waters GPC/ALC 150C
instrument equipped with a differential refractometer detector.

Films after conversion to the acid form were stored in
deionized water for at least 24 h. The films were removed from
the water, blotted dry to remove surface water, and quickly
weighed to determine the wet mass of the film (Wwet). The films
were then dried under P2O5 and full vacuum at room temper-
ature for 24 h and weighed again to determine the dry mass
of the film (Wdry). Water uptake was calculated by the following
equation:

The proton conductivity of films samples was measured by
four-probe electrochemical impedance spectroscopy (EIS) using
a Solartron 1260 frequency response analyzer and a Solartron
1287 potentiostat. A schematic diagram of the membrane
conductivity cell is shown in Figure 2. The outer electrodes
are connected to the working and counter electrodes on the
1287 potentiostat, and the two inner electrodes are connected
to the reference electrodes.

EIS was performed by imposing a small sinusoidal (ac
signal) voltage, 10 mV, across the membrane sample at
frequencies between 100 kHz and 100 Hz (scanning from high
to low frequencies) and measuring the resultant current
response. From the amplitude and phase lag of the current
response, a complex number was computed which is called the

Figure 1. Minimum-energy molecular model of repeat unit.

IEC )
vbase[NaOH]
mdry × 0.001

(1)

uptake ) [Wwet - Wdry

Wdry ] × 100% (2)

Macromolecules, Vol. 38, No. 12, 2005 Ionomeric Poly(phenylene) 5011

Approach: segment vehicles, fuels, & population to under-
stand competition between powertrains & market niches

VEHICLE

demand

ENERGY

prices

demand

prices

FUEL

State 
48 CONUS +
Washington, DC

Density
Urban
Suburban
Rural

Age
0-46 years

Driver Intensity
High
Medium
Low

Size
Compact
Midsize
Small SUV
Large SUV
Pickup

Powertrain
SI
SI Hybrid
SI PHEV10
SI PHEV40
CI
CI Hybrid
CI PHEV10
CI PHEV40

FCEV

E85 FFV
E85 FFV Hybrid
E85 FFV PHEV10
E85 FFV PHEV40
BEV75
BEV100
BEV150
BEV225
CNG
CNG Hybrid
CNG Bi-fuel

Housing type
• Single family home without NG
• Single family home with NG
• No access to home charging/fueling

VMT SegmentationVehicle Stock Segmentation

Geography

Vehicle

Demographics

FY15/16: Parametric 
analysis of 
competition between 
different AEVs for 
different technology 
cost futures  

Follow up analysis: 
penetration in 
different market 
niches 

Understand impact 
of fueling 
infrastructure

Understand evolution of 
H2 production by region

Energy/Fuel Seg.

Can use to 
tease out 

market niches

9

A&P 2: Parametric analysis of FCEV efficiency & cost given 
renewable mandates on H2 production (new FY16)

Key result: Renewable mandates decrease FCEV sales, but improve fleet average emissions 

No Mandate

No Mandate

33% Renewable 
by 2020

33% Renewable 
by 2020

67% Renewable 
by 2030

67% Renewable 
by 2030

24
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PP)

Small initial 

demand supplied 
by existing 

industrial H2 supply 
(Central SMR) 

Simulated H2 production evolution 
(national average) 

Demand grows, 

lowering costs, but 
source of H2 remains 

same 

In some states 

dedicated 
production is 

economical by 
~2035 

By end                 

of sim., 
dedicated   

production        
in all states.  

Mostly  

distributed SMR.   
Some coal + seq. 

~$11/kg H2 

Simulated fuel price evolution 
(national average) 

H2 prices drop with 

increased demand.  
Still industrially 

sourced. 

Switch to dedicated 

production, begins   
~2035 

< $6/kg H2 

Confirmation of preliminary finding presented in 2015 AMR, included in “Fuel Cell Electric Vehicles: 
Drivers and Impacts of Adoption”.  We additionally explore carbon tax and low cost clean energy 
electrolysis scenarios, finding them to be effective ways to lower fleet GHG emissions using FCEVs  

Key Result: Prevalence of distributed SMR H2 makes FCEVs a GHG neutral addition to the stock. 

DRAFT100' 0"

Figure 16. Renderings of a modular station layout with an elec-
trolyzer for on-site production, with a small, reduced footprint.
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Fueling	Infrastructure	Research	and	Station	Technology

Enabling	Capabilities

Polymer	and	Composite	Evaluation

6

Tied to a possibility of residual hydrogen in Viton A comes interaction of 
the gas with fillers in the polymer. To analyze if fillers can influence hydrogen 
effects in these elastomers, micro CT (Computerized Tomography) analysis of 
both Buna N and Viton A samples was done before and after hydrogen exposure 
(Figures 5). Micro CT images of Buna N show very little change with respect to 
hydrogen effects after exposure. A few voids were detected in the rubber matrix 
before and after exposure and therefore were not due to hydrogen. In the images 
for the Viton A, it is clear that voids have appeared around high density filler 
particles after hydrogen exposure. Further investigation to identify types of 
fillers in elastomers susceptible to hydrogen exposure is planned for the future.

Figure 5.  Micro CT images for Buna N and Viton-A before and after hydrogen

Table 1. 
Percent 
change in 
volume for 
elastomers

Density changes, used to determine the effect of sorption properties of gases 
when transported through polymers, converted to percent change in volume per 
gram of polymers, Buna N and Viton A, are shown in Table 1. The percent 
change in volume for Viton A is therefore much greater than that of Buna N. The 
diffusion of hydrogen through the Buna N rubber is slower than in Viton A due 
to its crosslinked nature and that manifests itself as a smaller increase in initial 
volume compared to Viton A. Thermogravimetric analysis (TGA) of the 
elastomers show that the percent mass loss for these unexposed elastomers in 
sheet form was close to each other (Figure 6). However, upon exposure to 
hydrogen, it seems that the polymers show lower mass loss, with Viton A 
exhibiting less mass loss than Buna N. This could be due to hydrogen influence 
on the fillers in these elastomers.

Polymer Percent Change in Volume per gram upon 
Hydrogen exposure

Immediately after 
Removal

48 hours after 
Removal

Buna N Sheet 57.2% 3.9%
Buna N O-ring 22.6% 0.2%
Viton A Sheet 69.0% 11.5%
Viton A O-ring 37.1% 0.8%
Viton A gasket 114.3% 7.0%

5

DMTA plots for sheet Buna N and Viton A are shown below in Figure 3. It is 
clear from the plots that there is a decrease in storage and loss moduli after 
exposure to hydrogen for both the elastomers, with Viton A showing more of a 
decrease (54%) than the Buna N (41%).

Figure 3. DMTA plots for Viton A (left) and Buna N (right) before and after 
hydrogen exposure 

The presence of unsaturation in Buna N rubber confers crosslinkability, reduced 
segmental mobility and a lower free volume and therefore, only a slow hydrogen 
penetration is possible. This supports a higher storage modulus for Buna N over 
Viton A after hydrogen exposure. With the Viton A polymer, there is easy 
slippage between the polymer chains and this creates greater free volume and 
therefore more hydrogen penetration.  However, it can be foreseen that the
presence of the relatively large fluorine atoms in the Viton A micro-structure can 
also hinder easy escape of the gas. Solubility of hydrogen may result in 
plasticization in such a polymer11 and therefore, storage modulus changes for 
Viton A are significantly larger than Buna N. For both Buna N and Viton-A, the 
glass transition temperature (Tan delta peak in DMTA plots) do not show 
significant changes after hydrogen exposure. Compression set properties of 
Buna N and Viton A after exposure to hydrogen for seven days are shown in 
Figure 4. As expected, the highly crosslinked Buna N polymer shows a high 
compression set and the Viton A shows a significantly low compression set 
before hydrogen exposure. After hydrogen exposure, the compression set for 
Buna N sheet did not change much; whereas that for Viton A almost doubled. 
The lower crosslinking in the latter can influence its compression set properties 
in hydrogen use. 

Figure 4. Compression set for 
Buna N and Viton A sheet 
materials before and after 
hydrogen exposure

3

calculate the time for the hydrogen concentration to increase from effectively 
zero to equilibrium was determined for a 138 MPa external pressure at 25°. 
Sample holders (Figure 1), about 5.08 cm long and 2.54 cm diameter, made of 
aluminum were used in the pressure vessels for the exposure.

Figure 1: Polymer specimens and sample 
holder

The test chamber was connected to an 
existing pressure manifold and purged 
with helium gas three times starting with 
the test pressure of 103 MPa for the first 

purge and 21 MPa for the second and third purges. Each purge involved a fill 
(up to pressures described above) followed by reasonably complete venting of 
the purge gas at room temperature. At the end of the purge cycles, the test 
chamber was filled with 99.9999% hydrogen gas at 103 MPa at room 
temperature. At the end of the week’s period of exposure, the vessel was 
depressurized at a very fast rate (< 1 minute) and specimens removed for 
characterization tests. Specimens were checked immediately for visible changes
of any kind and observations noted. These were stored in special bags with very 
low permeability, immediately after removal from the pressure vessel to prevent 
contamination as well as to preserve hydrogen effects in polymers to the 
maximum extent prior to characterization.

CHARACTERIZATION TESTS
Characterization tests were performed with a minimum of three specimens 

per exposure condition for all polymers. Thermogravimetric Analysis (TGA) 
and density measurements were performed on specimens three times: before 
hydrogen exposure, immediately after removal from the pressure vessel, and 
also 48 hours after exposure, to capture any changes in sample out-gassing with 
time. Dynamic Mechanical Thermal Analysis (DMTA) and compression set tests 
were performed before hydrogen exposure and within 2-4 days after removal 
from the pressure vessel. Dynamic Mechanical Thermal Analysis (DMTA): 
Thermoplastic sheets (HDPE and PTFE) were examined under torsion using the 
Rectangular Torsion geometry, 0.005% strain, 1 Hz frequency, and 1 N axial 
tension, with heating from -125°C to 85°C for HDPE and from 0°C to 250°C for 
PTFE at a rate of 5°C/minute. Elastomer sheets were examined under torsion 
using the Rectangular Torsion geometry at 0.005% strain, 1 Hz frequency, and 
1 N axial tension, with heating from -150°C to 250°C at a heating rate of 
5°C/minute. For O-ring and gasket samples made from PTFE, Viton A, and 
Buna N, strains ranging from 0.05% to 0.5% were used depending on sample 
form factor. Heating rate was always kept constant at 5°C/minute. Compression 
Set (Elastomers): This test measures the permanent deformation possible in 
elastomeric polymers on the application of a compressive force at a given 
temperature. Dimensions of the specimens were measured with a laser 
micrometer, and placed on the bottom plate of the compression set-up. A 
constant deflection of 25% was exerted on the samples with a spacer bar of 

DRAFTComparison of

conventional vs. modular

hydrogen refueling

stations, and on-site

production vs. delivery

Ethan S. Hecht, Joseph Pratt
Sandia National Laboratories
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Fire	Protection	Engineering

Mission-Related	Capabilities
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Potential Consequences:
• 6.9 kPa:     Injuries due to projected missiles
• 13.8 kPa: Fatality from projection against obstacles
• 13.8 kPa: Eardrum rupture
• 15-20 kPa: Unreinforced concrete wall collapse

Jeffries RM, et al. Health & Safety Executive; 1997.
American Institute of Chemical Engineers; 1998.

Scenario 4: Mechanical Failure PRD Release
0.7 m3 volume @ 250 bar from a 6.2 mm PRD

Thermal/Fluids	Modeling	and	Simulation
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High-Performance	Computing
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Angle-Resolved	Ion	Energy	Spectrometry	(ARIES)

Permeation	and	Thermal	Desorption	
Instruments	and	Expertise

Electron	Microscopy-Based	Expertise	in	
Interface	Science	and	Material	Defects
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Mission-Related	Capabilities
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Sandia’s	Current	Hydrogen	Program

Hydrogen	StorageHydrogen	Production

Safety,	Codes	and	Standards
Fuel	Cells

Hydrogen	Delivery

Systems	Engineering

Hydrogenation 

Dehydrogenation 
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These	capabilities	map	onto	and	support	our	work	in	FCTO	programs	
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FCTO	Annual	Merit	Review	Awards
• 2016	– Pratt	&	Johnson	(H2FIRST/HyStEP),	Pratt	(MT),	Groth (SCS),	Fujimoto	(FC)
• 2014	– Somerday and	San	Marchi (H2 Delivery	&	SCS)
• 2012	– Dedrick (SCS)
• 2011	– LaChance (SCS),	Houf (SCS),	Klebanoff (MT)
• 2010	– Klebanoff and	team	(MHCoE)

Achievement	recognized	by	FCTO…

HyStEP

Fuel	Cell	Generator	for	
Maritime/Ports	

FCV	Fueling	Station	
Performance

Safety	and	Design	Guidance	in	the	
Commercial	Environment
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…and	by	the	broader	community

Rob	Kolasinski – DOE	Early	Career	
Research	Award	for	surface	science	
supporting	fusion	energy	

Chris	San	Marchi – Award	for	
Heki Shibata	Outstanding	
International	Technical	
Session	at	the	2015	ASME	
PVP	Conference

SANDIA LAB NEWS   •   November 27, 2015    •   Page 3

hydrogen behavior work
at Sandia, including Bob’s
research, and now that of
Katrina and Ethan. 

“Bob’s turbulent
combustion research
was critical to successful
computer modeling of
hydrogen releases from
day one. The entire
hydrogen codes and
standards community
continues to reference
his work, as does the sci-
entific community in
hydrogen combustion,”
says Art Pontau (8360),
senior manager of Com-
bustion and Industrial
Technology at Sandia. 

Data still used
extensively

Bob, a mechanical
engineer, joined Sandia in
1981 and worked in ther-
mofluidics, combustion
physics, and reacting flow
as well as hydrogen and
combustion technology
until his death in 2010. His
research on turbulent combustion provided data that contin-
ues to be used extensively to validate models of hydrogen
releases, which are needed to support the deployment of
hydrogen refueling infrastructure and code development for
hydrogen safety. 

Katrina and Ethan’s paper describes the Hydrogen Risk

Assessment Model (HyRAM), a methodology and accompa-
nying software toolkit that integrates the risk-assessment
process with the detailed physics of hydrogen behavior.
HyRAM enables scientifically based codes and standards for
hydrogen technologies and infrastructure that are consis-
tent, logical and defensible. The toolkit also facilitates risk-
informed engineering design and decision-making
processes. 

“To calculate risk, HyRAM uses the physical models vali-
dated by Bob Schefer’s data,” says Jay Keller, a former hydro-
gen program manager at Sandia, now president of Zero Car-
bon Energy Solutions. “It’s very fitting that the inaugural Bob
Schefer award recognizes work that was made possible by
his significant contributions to the international community
for hydrogen codes and standards.”

Bringing it home
Katrina Groth and Ethan Hecht win inaugural Robert Schefer Best Paper award 

“IT JUST BLOWS ME OUT OF MY SHOES to meet these two amazing young people who are following in
my husband’s footsteps,” says Jade Schefer, wife of the late Robert Schefer, of Katrina Groth, left, and
Ethan Hecht, inaugural recipients of the ICHS Robert Schefer Best Paper award.  (Photo by Randy Wong)

In October, Sandia scientists Katrina Groth (6231) and
Ethan Hecht (8367) were recognized at the IA-HySafe
International Conference on Hydrogen Safety (ICHS) with

the inaugural Robert Schefer Best Paper award. 
The award honors the late Robert (Bob) Schefer, formerly

a researcher at Sandia’s
Combustion Research Facil-
ity, for his contributions to
characterization and under-
standing of the hydrogen
behavior when unintention-
ally released at conditions
relevant to hydrogen fueling
infrastructure. Bob’s work
has been key to the valida-
tion of numerical simula-
tions of hydrogen behavior
and the development of
analytical models that capture the basic physics of these
behaviors for use in codes and standards. 

Katrina and Ethan’s paper, “HyRAM: A Methodology and
Toolkit for Quantitative Risk Assessment of Hydrogen System”
was chosen from 167 submissions to the conference. The
selection panel included seven technical experts from the
ICHS scientific committee representing the countries of
China, Germany, Ireland, Japan, the Netherlands, the United
Kingdom, and the United States. 

Katrina and Ethan were honored at a ceremony held at
Sandia on Nov. 19. In attendance were Bob’s widow, Jade;
Sunita Satyapal, director of the DOE Fuel Cell Technologies
office (FCTO); Erika Sutherland, technology development
manager, FCTO; Will James, Safety, Codes, and Standards pro-
ject manager, FCTO; Bob’s Sandia colleagues; and represen-
tatives from the broader hydrogen safety community. FCTO’s
Safety, Codes and Standards project funds the risk and the

By Patti Koning

Jackie Chen (8351), a distinguished member of techni-
cal staff at Sandia’s Combustion Research Facility, has
received an Innovative and Novel Computational Impact
on Theory and Experiment
(INCITE) award from DOE’s
Office of Science.

Jackie has received 96
million core hours to simu-
late turbulent combustion
processes as they relate to
fuel-flexible stationary gas
turbines and fuel-efficient
clean internal combustion
engines using biofuels to
simulate fundamental tur-
bulent combustion
processes.

The 56 projects that received INCITE awards are
aimed at accelerating discovery and innovation to
address some of the world’s most challenging scientific
questions. The projects will share 5.8 billion core hours
on America’s two most powerful supercomputers dedi-
cated to open science. The diverse projects will advance
knowledge in critical areas ranging from sustainable
energy technologies to next-generation materials.

The INCITE program promotes transformational
advances in science and technology through large alloca-
tions of time on state-of-the-art supercomputers.
Researchers from academia, government research facili-
ties, and industry received computing time through
INCITE. The program was created as the primary means
of accessing the DOE Leadership Computing Facilities at
Argonne and Oak Ridge national laboratories. 

Jackie Chen receives
DOE INCITE award

JACKIE CHEN

California site honors veterans

COMPANY MEMBERS from the 532nd Combat Support Hospital, including Jose Alves (8511) of Sandia’s Protective Force,
present the national colors at the California site’s Veterans Day event on Nov. 11. Speaking at the event were Div. 8000 VP
Marianne Walck along with Sandia President and Laboratories Director Jill Hruby and Div. 4000 VP Mike Hazen, who
were visiting for the Fall Leadership meetings.                                                                                     (Photo by Loren Stacks)

“Bob’s turbulent
combustion
research was critical
to successful com-
puter modeling of
hydrogen releases
from day one.”

SANDIA LAB NEWS   •   November 11, 2016    •   Page 3

Urban Shield 
How do emergency responders react if a disgrun-

tled former employee and two other unidenti-
fied subjects come on site, kill people, and take

others hostage? That was the scenario used to test
emergency responders during a recent exercise
hosted by the Alameda County Sheriff’s Office at
Sandia/California.

Called “Urban Shield 2016,” the 48-hour training exer-
cise involved local, national, and international first respon-
der agencies. Participants included the Alameda County
Sheriff’s Department, Livermore Police Department,
Pleasanton Police Department, Urban Area Security Initia-
tive, 32 Bay Area SWAT teams, Mexican Federal SWAT team,
a SWAT team from Taiwan, and Las Vegas Tactical team.

The exercise tested Sandia’s emergency response
organization’s liaison and coordination capability with
local law enforcement during an active shooter barri-
cade situation.

The exercise, which took place in Bldg. 928 and the
General Access Area event pad, was intended to ensure
that external response partners can readily react to pos-
sible threats as required and that Sandia’s emergency
response organization can effectively engage with off-
site responders.

John Norden (8511), emergency management coordi-
nator at Sandia/California, says some 20 Sandia person-
nel participated in the event including representatives
from Security Operations, Protective Force, Central Alarm
Station, and Emergency Management. John gives spe-
cial recognition to Chris Kunz (8126) and his wife Mona,
Patrice Sanchez (8523), and Leticia Longoria (8515) for
giving up their weekend to support the exercise.

“Hosting the event at Sandia provided a great chance
to open the lines of communication between the site
and the Livermore Police Department. As one officer
stated, it ‘took the mystique out of the Sandia facility,’
meaning they have a better understanding of what we
do,” John says.

Throughout the exercise, teams were confronted
with events averaging one hour or more in duration

Congratulations and cup-
cakes were in order at
Sandia’s National Hydro-

gen & Fuel Cell Celebration last
month at Sandia/California.
Colleagues came together to
celebrate the success of
Sandia’s Hydrogen and Fuel
Cell program in several areas
including quantitative risk
assessment, fuel cell mem-
brane development, and inno-
vative maritime applications of fuel cells. Of particular note,
Sandia’s Hydrogen Station Equipment Performance Device (HyS-
tEP), led by Joe Pratt (8366) and Terry Johnson (8253), recently
won recognition from the Federal Laboratory Consortium with
an Outstanding Partnership Award, which was presented to Joe
and Terry at the celebration. Sandia collaborated with industry
partners and researchers at the National Renewable Energy
Laboratory to develop HyStEP.

“This is a significant achievement,” said Chris San Marchi
(8367) from Sandia’s Hydrogen and Fuel Cells program, as he
presented plaques to the project leads. “The device is a key
deliverable in the state of California for validating fueling proto-
cols and rolling out hydrogen fueling stations.” 

Div. 8000 VP Marianne Walck joined the celebration to com-
mend the team. Marianne said, “The breadth and the technical
depth of the work Sandia is doing with hydrogen for the Fuel
Cell Technologies Office really sets us apart. Congratulations to
everyone who has been involved.”                     — Rebecca Brock

Sandia/California celebrates successes of Hydrogen and Fuel Cell program

Emergency responders participate
in active shooter exercise

and designed to test their training, preparation, and
decision-making skills. Teams used technology provided
to them during the scenarios. After each scenario, the
teams provided feedback concerning the resources and
technology used and discussed ways to better prepare
for emergencies.

“The event allowed participating agencies a practical
opportunity to evaluate their tactical team’s level of

preparedness and ability to perform a variety of intri-
cate first responder operations,” John says. “Each
agency also evaluated their own tactical capabilities
while training with other entities.”

To ensure that the event met the standardized uni-
fied response, the exercise was managed with the
National Incident Management System and the Stan-
dardized Emergency Management System.

RESPONDERS participating in Urban Shield focus on ensur-
ing they are ready to respond to threats as required.

By Michael Padilla • Photos by Randy Wong

JOHN NORDEN AND BILL McALLISTER (both 8511) prepare
for Urban Shield.  (Photo courtesy of Urban Shield exercise)

THE URBAN SHIELD EXERCISE gave participants near-real
world experience in active shooter scenarios.

URBAN SHIELD PARTICIPANTS prepare to move into location. 

Terry	Johnson	and	Joe	Pratt	–
2016	FLC	West	Region	Oustanding
Partnership	Award	(HyStEP)

Katrina	Groth and	Ethan	Hecht	-
Robert	Schefer Best	Paper	award	
at	IA-HySafe International	
Conference	on	Hydrogen	Safety

Contributions	to	Codes	&	
Standards	(e.g.	NFPA	2,	SAE	J2579)

Alan	Kruizenga – 2017	Presidential	
Early	Career	Award	for	Scientists	
and	Engineers	(PECASE)
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Program	outcomes
Our	program	has	produced	145	articles	sponsored	by	FCTO	and	published	
between	2011	and	January	2017	(overall	work	in	hydrogen	science	has	
produced	over	530	articles	for	this	same	period).

Published	Items	in	Each	Year

Total	Citations	in	2016:	~3,000

Top	Cited	Articles	by	Allendorf,	McDaniel,	Hibbs,	Stavila,	Fujimoto,	Klebanoff

$7.2M	spent	è ~$300K/article
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Program	outcomes
The	next-generation	of	scientists	and	engineers	for	discovery	and	innovation…	
• Early-Career	staff	(≲ 10	years):

o Ronevich (CSM),	Hecht	(U-Utah),	Kolasinski (Caltech)
o Karnesky (Northwestern	U),	Reynolds	(UC-Berkeley)

• Postdocs:
o Gibbs	(CSM),	Lawrence	(Purdue),	Panda	(Purdue),	Albrecht	(CSM)
o Jackson	(Imperial	College	London),	Nibur (Washington	State	U)
o Donovan	(U-Wisconsin,	Madison),	Cardenas	(U-Texas,	Austin)

• Student	Interns:
o Harris	(Boise	State,	U-Virginia),	Hughes	(Mills	College,	UC-Davis)
o Shaw	(Princeton),	Socha (Fordham,	U-RI),	Yee	(Carnegie	Mellon	U)
o Kramer	(US	Naval	Academy),	Chan	(UC-Berkeley),	Carrier	(UIUC)
o Fonseca	(UC-Berkeley),	Biswas	(UCLA),	Roba (Bucknell U),	Kim	(Georgia	

Tech)
o Huang	(Columbia),	Gatenby (CSU-Chico),	Ling	(UC-Berkeley)
o High	School:	Tumma,	Walkup,	Zumwalt,	Sena,	Farmer,	Patel,	Liu
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• Focus on fundamental through applied research regarding the physics of
hydrogen-material interactions

• Ensure safety, performance and reliability while lowering costs

• Leverage our Sandia CA location to remove roadblocks to hydrogen-based
transportation adoption in collaboration with industry and government

• Partner with industries, codes and standards organizations, and international
institutes to address knowledge gaps

Vision	and	Strategy


