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Overview

Timeline Barriers

~Start: February 1,2009 A. System Weight and Volume H. Balance of Plant (BOP) Components

*End: June 30, 2014 B. System Cost J. Thermal Management
<70% Complete (as of 3/31/1 3) C. Efficiency K. System Life-Cycle Assessment
° P D. Durability O. Hydrogen Boil-Off
E. Charging/Discharging Rates P. Understanding Physi/Chemi-sorption
Budget G. Materials of Construction  S. By-Product/Spent Material Removal

*Total Center Funding: Part

e DOE Share: $ 36,232,765 artners
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e Contractor Share: $ 3,591,709 §WR..N“..I.: Pamﬁq'wm{v; .t. __ L;;s Alamos

e FY’12 Funding: $ 5,930,000 S o

e FY 13 Funding: $ 5,150,000 JPL  HNREL

*Prog. Mgmt. Funding
e FY’12: $ 400,000
e FY’13:$ 300,000

(t1) HSECOE £ ReleaLtanapes @ Ferid

0SU
.

uuuuuuuuuu




Relevance

HSECoE Technical Objectives

Using systems engineering concepts, design
innovative material-based hydrogen storage system
architectures with the potential to meet DOE
performance and cost targets.

e Develop and validate system, engineering and design models
that lend insight into overall fuel cycle efficiency.

e Compile all relevant materials data for candidate storage media and
define required materials properties to meet the technical
targets.

e Design, build and evaluate subscale prototype systems to
assess the innovative storage devices and subsystem design
concepts, validate models, and improve both component design
and predictive capability.

@ HSECoE



Relevance

Why Perform Materials Development and
System Engineering in Parallel?

continuous feedback with system design
identifying materials requirements

iy
Materials — Thermal — H, Storage — Fuel Cell — Vehicle — Wheels
Management BoP N —— —
Engineered Heat Transfer BoP What is Needed
Materials Designs Component of the Hydrogen Storage
Properties Requirements Media & System

@ HSECoE



Approach

Intellectual
Property

HSECoE Organization

Center Coordinating Council
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Approach
Technical Matrix

System Architects
Adsorbent Chemical
System Hydride System
Siegel Semelsbergeis; namos
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Approach

Phased Approach

Ehase1 Phase ll:

LI Novel Concept
Modeling Design &
Evaluation

Requirements
& Novel
Concepts

* Where are we and * How do we get there * Put it all together and
where can we get (closing the gaps) and confirm claims.
to? how much further can we * System integration

System assessments
Model validation

Gap analysis
Performance projections

* Model go?
development

« Benchmarking

» Gap ldentification

* Projecting
advances

Component development
Concept validation
Integration testing
System design

Materials requirements



Approach

Important Dates Phase 2

e Duration: 5.5 years

@
@
@
e Phase 2 Start: July 1, 2011
e Phase 3 Go/No-Go Determination: March 31,2013
e Phase 2 End: June 30, 2013
@
@
D Tast Name Stat Finsh 03 i an an 13 14 s
o [ (ot [ o3[ ot (oo os (o4 (et [az os[od or o os [0 ot oz o5 [0 [ o o3 [od e @los
1 |Hydrogen Storage Engineering Center of Excellence Mon 22109 Wed 123114 |
2 Phase 1 System Requirements & Hovel Concepts Mon 26209 | Thu 63011
3 Phaze 2 GoMo-Go T 3TTTT L3I
4 Phase 2 Hovel Concept Modeling, Design and Evaluafion FHEMAT . FriGapms
3 Phase 3 GoMo-Go Fridf2aia  Fridapna g
i Phase 3 Subscale Prototype Construction, Testing § Evaluation Mon 7HH3 | Man BI04
7 Phase 3 No Cost Extension Tug 7414 | Wed 1274 14 |

Phase 1-2 Materials

System
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Go/NoGo |
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Approach

Phase 1-2 State-of-the-Art

State-of-the-Art Identified for Chemical and Adsorbent
Hydrogen Storage Systems

e Current status vs targets
e ldentification of critical technical barriers
e ldentification of potential solutions to barriers

e Summary of projected system performance vs targets

Future Work Future Work - Future Work
Metal Hydride System Status Chemical Hydride System Status : . Adsorbent System Status = T
Fluid-Phase Amm ane: § i . .- __:; Puneius. ﬁ ?

NaAlH;: 2010 Targets AX-21 Cryo-Adsorbent: 2010 Targets

rhanczment

*+13 Tar:
=5 Targets above 40% —
*2 Targets L"E'C- van |3 E:]) HSECoE

£3) HSECoE
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Approach

HSECoE Phase 2 Go/NoGo Milestones

1) HSECOE

Chemical Hydrides 3/31/2011 3/31/2013
Phase 2 HSECoE Go/No-Go
Targets
Phase 1 HSECoE Baseline (System (full scale)
Phase 1 Phase 1 Phase 1 Phase 2 Phase 2 Phase 2
2015 DOE| HSECoE | HSECoE HSECoE HSECoE HSECoE HSECoE
Goal Baseline Basline Baseline Actuals Actuals Actuals
Target Units (System) | (Material) | (BOP only) | (System) (Material) | (BOP only) | (System)
Gravametric Capacity kg H2/kg system 0.055 0.076 0.092 0.042 0.076 0.109 0.045]
mass liters 102 133 124
Volumetric Capacity kg H2/L system 0.04 0.074 0.077 0.039| 0.074 0.102 0.043
volume kg 140 144 130
System Cost * $/kWh net 25.6 25.6] 25.6 25.6
$

Fuel Cost

$/gge at pump

Min Operating Temp

°C

Max Operating Temp °C
Min Delivery Temp °C
Max Delivery Temp °C
Cycle Life cycles
Min Delivery Pressure bar
Max Delivery Pressure bar
Onboard Efficiency %
%
System Fill Time min
Min Full Flow Rate (g/s/kW)
g/s
Start Time to Full Flow (20°C) |sec
Start Time to Full Flow (-20°C)[sec
Transient Response sec
Fuel Purity %H2
Permeation, Toxicity, Safety [Scc/h
Standards
Loss of Useable Hydrogen (g/h)kg H2 stored 0.05
Responsible Organization Component 3/31/2011 3/31/2013
LANL, PNNL|Media Fluid AB at 50wt% Fluid AB at 65wt%
PNNL| Tank Bladder Tank Bladder Tank
LANL|Reactor Flow Through Reactor Flow Through Reactor
PNNL|System Design

PNNL|
UTRC|
UTRC|
UTRC|

BoP
Pumps
Heat Exchanger
GLS
Purification

Feed/Recycle/Transfer Pumps

Gas\Liquid Seperator
Purification

Feed/Recycle/Transfer Pumps
Heat Exchanger mass and volume cut
Gas\Liquid Seperator

Hydrogen Purification mass and volume

10



Approach

HSECoE Phase 2 Go/NoGo Milestones

1) HSECOE

Chemical Hydrides 3/31/2011 3/31/2013
Phase 2 HSECoE Go/No-Go
Targets
Phase 1 HSECoE Baseline (System (full scale)
Phase 1 Phase 1 Phase 1 Phase 2 Phase 2 Phase 2
2015 DOE| HSECoE | HSECoE HSECoE HSECoE HSECoE HSECoE
Goal Baseline Basline Baseline Actuals Actuals Actuals
Target Units (System) | (Material) | (BOP only) | (System) (Material) | (BOP only) | (System)
Gravametric Capacity kg H2/kg system 0.055 0.076 0.092 0.042 0.076 0.109 0.045]
mass liters 102 133 124
Volumetric Capacity kg H2/L system 0.04 0.074 0.077 0.039| 0.074 0.102 0.043
volume kg 140 144 130
System Cost * $/kWh net 25.6 25.6] 25.6 25.6
$

Fuel Cost

$/gge at pump

Min Operating Temp

°C

Max Operating Temp °C
Min Delivery Temp °C
Max Delivery Temp °C
Cycle Life cycles
Min Delivery Pressure bar
Max Delivery Pressure bar
Onboard Efficiency %

%
System Fill Time min
Min Full Flow Rate (g/s/kW)

g/s

Start Time to Full Flow (20°C)

sec

Start Time to Full Flow (-20°C)[sec

Transient Response

sec

Fuel Purity %H2
Permeation, Toxicity, Safety [Scc/h
Standards
Loss of Useable Hydrogen (g/h)kg H2 stored 0.05
Responsible Or atio Component 3/31/2011 3/31/2013
ANL, PNNL| Fluid AB at 50wt% Fluid AB at 65wt%
PNNL Bladder Tank Bladder Tank
LANL|Reagtor Flow Through Reactor Flow Through Reactor
PNNL|Sysfem Design
BoP
PNNL Pumps Feed/Recycle/Transfer Pumps Feed/Recycle/Transfer Pumps
Hglat Exchanger Heat Exchanger mass and wolume cut
GLS Gas\Liquid Seperator Gas\Liquid Seperator
Purification Purification

Hydrogen Purification mass and volume
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HSECoE Phase 2 Go/NoGo Milestones

Chemical Hydrides 3/31/2011 3/31/2013
Phase 2 HSECoE Go/No-Go
Targets
Phase 1 HSECoE Baseline (System (full scale)
Phase 1 Phase 1 Phase 1 Phase 2 Phase 2 Phase 2
2015 DOE| HSECoE | HSECoE HSECoE HSECoE HSECoE HSECoE
Goal Baseline Basline Baseline Actuals Actuals Actuals
Target Units (System) | (Material) | (BOP only) | (System) (Material) | (BOP only) | (System)
Gravametric Capacity kg H2/kg system 0.055 0.076 0.092 0.042 0.076 0.109 0.045
mass liters 102 133 124
Volumetric Capacity kg H2/L system 0.04 0.074 0.077 0.039 0.074 0.102 0.043
volume kg 140 144 130
System Cost * $/kWh net 25.6 25.6| 25.6 25.6
$
Fuel Cost $/gge at pump
Min Operating Temp °C
Max Operating Temp °C
Min Delivery Temp °C
Max Delivery Temp °C
Responsible Organization Component 3/31/2011 3/31/2013
LANL, PNNL|Media Fluid AB at 50wt% Fluid AB at 65wt%
PNNL] Tank Bladder Tank Bladder Tank
LANL]Reactor Flow Through Reactor Flow Through Reactor
PNNL]System Design
BoP
PNNL Pumps Feed/Recycle/Transfer Pumps Feed/Recycle/Transfer Pumps
UTRC] Heat Exchanger Heat Exchanger mass and wolume cut
UTRC GLS Gas\Liquid Seperator Gas\Liquid Seperator
UTRC Purification Purification Hydrogen Purification mass and wolume
— - - - - - —
Responsible Or atio Component 3/31/2011 3/31/2013
ANL, PNNL| Fluid AB at 50wt% Fluid AB at 65wt%
PNNL Bladder Tank Bladder Tank
LANL|Reagtor Flow Through Reactor Flow Through Reactor
PNNL|Sysfem Design
BoP
PNNL Pumps Feed/Recycle/Transfer Pumps Feed/Recycle/Transfer Pumps
UTRC| Hglat Exchanger Heat Exchanger mass and wolume cut
GLS Gas\Liquid Seperator Gas\Liquid Seperator
[I:I] HSEcoE Purification Purification Hydrogen Purification mass and volume 10
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Phase 2 Adsorbent System Milestones

[MOF)at P = 60-5 barand T =80 - 160 K.

Adsorbent System
Component Partner S*M*A*R*T Milestone Status 10/1/12 Projected Outcome
Report on ability to develop compacted MOF-5 adsorbent media [H2 grav. density of the MOF-5 material >11% is possible with .3 g/cc (w/o ENG) at P = 60-5 bar and T = 80-160K | The capability of achieving specific metrics with a given
Materials Development Forg |aving a total hydrogen material density of greater than or equal | with 60% packing effciency. H2 vol. densily of the MOF-5 material >33 gl is possible with .5 g/cc (+5% ENG) at P = ion is possible, investigations will be continue tol
aterials Developme o4 |t 0.3 g/L, H2 density of 11 wt. % and 33 glliter and thermal 60-5 bar and T = 80-160K with 100% packing efficiency. Thermal conductivity of .5 W/m-K is possible with .3 glcc to |devise a media morphology which will meet all of the
conductivity of 0.5 W/m-K at P = 60-5 bar and T = 80-160K. .5 glcc + 10% ENG with temperatures > 100-120 K. metrics.
Report on ability to demonstrate a composite MOF-5 adsorbent |H2 effective kinetics have been conducted and proven over 240 cycles for MOF-5 powder. The monolith testing for .
" . " e y " e Met Metric
monoliths having H2 effective kinetics equivalent to 5.6 kg usable [kinetics is planned. Permeation testing has been conducted for various temperatures and densities. Based on the -~ N o N
Ford/UM/ . . . " B o The kinetic response of the MOF-5 material will achieve
Materials Development H2 over 3 minutes and permeation in packed and powder particle |extrapolation of permiation test data at 0.12 m/s, the 5bar pressure drop milestone is possible (initial assessment of . " e .
BASF N N N M B N - . the desired response while the permeation will continue to
beds with flow rate of 1 m/s superficial velocity and pressure drop|uncompressed darcy) at a media density of 0.3 g/cc but will be a signficant challenge beyond this density, meeting > 'e
N be a challenge with densities greater than 0.3 g/cc.
of 5 bar. the metric.
Report on ability to develop a compacted MOF-5 adsorbent Evaluation of isotherms provided by Ford for initial & final states gives: [— ; thods will b o with Ford
Mataials Doelopmert SRNLI | med bed N a ot Iycogendansity o 11 % g 2y _ |180kgim (ncompectd) G0=0.15 VO=255 miseing the VC matrc Loty higher voumetc Gorsy morphciogies.
P UQTR  [MOF) and 33 g H2/(liter MOF) at P = 60 - 5 bar and T = 80 - 160[322kg/m® GC=0.10 VC=33.0 missing the GC metric meeting theg metrics. Y morpnolog
K 520g/m® GC=0.07 VC=36.7 missing the GC metric
Report on ability to develop MOF-5 powder bed having a total Based on the modified Dubinin-Asthakov adsorption model, at 60 - 5 bar and 80 - 160 K the 3 liter test vessel contains|
Structured Bed GM  |hydrogen density of: 15 wt. % g H2/(g MOF) and 20 g H2/(liter  [18.6% total deliverable g H2/(g MOF) and 30.5% g H2/(liter MOF) surpassing the metric.

Report on ability to develop testing capability to burst test Type 4

Design and fabrication of a cryogenic pressure test/burst system capable of testing at 77K has been completed.

Composite Tank JPL  |composite and Type 1 (metal) tanks at 40K and demonstrate  |Safety oversight and documentation is currently 75% complete. Operating this system at 40 K is not feasible. The
tanks meeting minimally 2.5x nominal operating burst pressure. |capability to perform cryogenic cycling has also been implimented.
Type 1 tanks have been designed and manufactured having a mass of 2.44 kg and a volume of 2.0 liters. These tanks
R were designed to operate at 100 bar with a minimum burst ratio of 2.25 (225 bar). The actual burst achieved during RT|Based on these resutls single piece 120 liter Type 1 and
eport on ability to develop Type 4 (composite) and Type 1 . .
testing was 686 bar. Type 4 tanks have been designed and manufactured having a mass of 3.7 kg and a volume of ~ |Type 4 tanks will be designed and and masses
N (metal) tanks capable of use between 40 and 160K meeting o 5 N L N N . o
Composite Tank Lincoln ASME pressure vessel code for use at 60 bar having a mass 5.68 liters. These tanks were designed to operate at 100 bar with a minimum burst ratio of 2.25 (225 bar). The actual [calculated. It is anticipated that the Type 1 tank will not
P N 9 burst achieved during RT testing was 370 bar. anks have been suppied to JPL for burst testing at 77K to verify low meet hte mass target while the Type 4 tank will meet
less than 10 kg and a volume less than 120 liters. N . : . a4
temperature burst pressures. These tanks were appropriately designed having safety factors equivalent to current DOT{the mass metric.
NHTSA standards for compressed gas fuel containers
Report on ability to identify Type IV tank liner materials suitable |After evaluating 8 different materials it was cocnluded that the liner separates from the shell when the pressure is
Composite Tank PNNL  [for 40K operation having a mass less than 8 kg and a volume decreased below 35bar with a liner thickness of 2.55mm. With current materials this metric is not feasible and
less than 3 liters (2.55 mm thickness). either a Type 1 or 3 tank design is necessal
Report on ability to develop a thermal insulation design having Detailed modeling and le validation have been showing that the thermal isolation
MLVI JPL less than a 5 W heat leak at 40K having a mass less than 11 kg |system composed of a 60-layer MLI blanket composed of VDA mylar and dacron separators within a vacuum of at
and volume less than 35 liters. least 1e-4 Torr, reduces parasitic heat load to 2 W far exceeding the metric.
Report on ability to develop and demonstrate a Modular
Internal MAT! HX osu Adsorption Tank Insert capable of allowing less than 3 min. Current MATI designs exceed the metric for weight and volume, simlulation demonstrates that these designs can
refueling time and H2 release rate of 0.02 g H2/(sec. kW) with a |provide the required discharge performance.
mass less than 9.4 kg and a wolume less than 4.2 liters.
Report on abilty to develop and demonstrate an isolated heat. | T SCacY of an isolated-loop intemal heat exchanger was examined. Computational analyses showed that flowing
r ¢ ° > extemally heated hydrogen (fuel cell radiator heated) through isolated heating channels of a fin-and-tube HX within the
UTRC- [exchanging loop capable of allowing less than 3 min. refueling " - N " . .
Internal non-MATI HX adsorbent would NOT provide enough heat for the minimum drive cycle requirements. An H2 combustor should be This metric was suspended as not viable.
SRNL  [time and H2 release rate of 0.02 g H2/(sec. kW) with a mass
" able to raise the H2 temperature high enough, however the fin-and-tube HX has higher mass and wolume than a
less than 6.5 kg and a volume less than 6 liters.
.comparable MATI.
Report on ability to develop and demonstrate an internal flow ——
through HX system based on compacted media capable of Models for 6mm 322kg/m3 pellets indicate that, relative to 130kg/m3 powder, flow through cooling requires a N "
SRNL/ h > o . - Experiments to validate the models and demonstrate the
Internal flow through HX UQTR allowing less than 3 min. scaled refueling time and H2 release significantly larger mass of exhaust hydrogen and a longer time to cool. Compacted MOF will not meet the concept are in ress/atUQTR I Palists|havelbeen
rate of 0.02 g H2/(sec. kW) with a mass less than 6.5 kg and a |metric. It appears that 180ka/m3 MOF-5 powder in an aluminum honeycomb will meet the metric. p [ )
loaded into hex mesh.
\volume less than 6 liters
. R Model of charging process predicts that for a 60bar system, a 10.3 liter, 27.7 kg heat exchanger is required to
Eeporl on ab.lllty to develop and demonstrate af‘ intenal flow successfully discharges 5.6 kg H2 at full-scale. For a 200 bar system, a 5.5 liter 15 kg aluminum helical coil HX is
rough cooling system based on powder media capable of onars " " y "
h . e N capable of meeting discharge target. The current experimental stainless steel sheathed coils have higher density.
Internal flow through HX GM allowing less than 3 min. scaled refueling time, and an internal Neither HX ts th tri
heating system for scaled H2 release rate of 0.02 g H2/(sec. kw)[ o o 1 Meets tne mass metric.
with a mass less than 6.5 kg and a volume less than 6 liters.
Report on ability to develop and demonstrate FC radiator capable [System and detailed segmented Todels suggest that a small Downstream H2 HX (1.1 kg, 1.0 L) will meet the Met metrics. Changes in funding and scope have exluded|
External HX JPL of heating 80K hydrogen stream to 233K flowing at 1.6g/sec with [performance metrics at all but -40°C ambient conditions. An auxiliary heater may be required for such conditions. demonstration, and no experimental validation will be
no icing at 50%RH with a mass increase of less than 2.5 kg and [Results also indicate that a "cold start" heater will be y for fons of T < -10°C. The of this Y :
a volume less than 1.5 liters. HX predicted by modeling meets the metrics. )
Report on ability to develop and demonstrate a 1 kKW catalytic
combustor to augment partial H2 preconditioning by an existing | Validated si results that the has an efficency >95% meeting the
Catalytic Combustor OSU' {£C radiator with >85% efficiency having a mass less than 0.6 kg |metric.
and volume less than 0.5 liters.
Report on ability to identify BoP materials (excluding internal HX, [The BOP mass is significantly reduced with the lower pressure from 200bar to 69bar. The mass of the 69 bar solenoid
BoP PNNL external HX, and combustor) suitable for 60 bar cryogenic operated valves are 1/10th the weight of the 200 bar valves with an overall mass and volume of 0.81kg and 0.63L
adsorbent system having mass less than 17 kg and a volume respectively. The final BoP mass and volume without the internal tank heat exchanger, the fuel cell, H2 gas warm up
less than 18.5 liters. loop, and the tank is 6.7kg and 8.5L far exceeding the metric.
Several system designs exceeding metricss: 200 bar, 80 K, Powder
Report on ability to identify a system design having a mass less [MOF-5, FT Cooling + HexCell HX, Type 3 Tank (System mass = 110 kg, System volume = 219 L)
System Design SRNL |than 137 kg and a volume less than 279 liters meeting the all of |- 100 bar, 70 K, Powder MOF-5, FT Cooling + HexCell HX, Type 1 Al Tank (System mass = 127 kg, System volume
the HSECoE drive cycles =2581) -- 80 bar, 80 K, 80% MPD 0.322 g/cc Compacted MOF-5, MATI, Type 3 Tank
(System mass = 120 kg, System volume = 259 L)
Calculate and model the well-to-powerplant (WTPP) efiiciency for
Efficiency Analysis NREL  |two adsorbent storage system designs and compare results In progress Will complete by 12/31/12

relative to the 60% technical target.

HSECoE

Met

Continuing

Suspended
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Phase 2

dsorbent System Milestones

to 0.3 g/L, H2 density of 11 wt. % and 33 glliter and thermal
conductivity of 0.5 W/m-K at P = 60-5 bar and T = 80-160K.

Adsorbent System
Component Partner S*M*A*R*T Milestone Status 10/1/12 Projected Outcome

Report on ability to develop compacted MOF-5 adsorbent media [H2 grav. density of the MOF-5 material >11% is possible with .3 g/cc (w/o ENG) at P = 60-5 bar and T = 80-160K | The capability of achieving specific metrics with a given
Materials Development Forg |aving a total hydrogen material density of greater than or equal | with 60% packing effciency. H2 vol. densily of the MOF-5 material >33 gl is possible with .5 g/cc (+5% ENG) at P = is possible, investi will be continue to|

60-5 bar and T = 80-160K with 100% packing efficiency. Thermal conductivity of .5 W/m-K is possible with .3 glcc to
.5 glcc + 10% ENG with temperatures > 100-120 K.

devise a media morphology which will meet all of the
metrics.

Report on ability to demonstrate a composite MOF-5 adsorbent
monoliths having H2 effective kinetics equivalent to 5.6 kg usable
H2 over 3 minutes and permeation in packed and powder particle
beds with flow rate of 1 m/s superficial velocity and pressure drop
of 5 bar.

Ford/UM/

Materials Development BASF

H2 effective kinetics have been conducted and proven over 240 cycles for MOF-5 powder. The monolith testing for
kinetics is planned. Permeation testing has been conducted for various temperatures and densities. Based on the
extrapolation of permiation test data at 0.12 m/s, the 5bar pressure drop milestone is possible (initial assessment of
uncompressed darcy) at a media density of 0.3 g/cc but will be a signficant challenge beyond this density, meeting

the metric.

Met Metric

The kinetic response of the MOF-5 material will achieve
the desired response while the permeation will continue to|
be a challenge with densities greater than 0.3 g/cc.

Report on ability to develop a compacted MOF-5 adsorbent
SRNL/ |media bed having a total hydrogen density of: 11 % g H2/(g

Materials Development UQTR |MOF) and 33 g H2/(liter MOF) at P = 60 - 5 bar and T = 80 - 160
K

Evaluation of isotherms provided by Ford for initial & final states gives:
180kg/m® (uncompacted) GC=0.15 VC=26.5 missing the VC metric
322kg/m® GC=0.10 VC=33.0 missing the GC metric

5209/m3 GC=0.07 VC=36.7 missing the GC metric

Report on ability to develop MOF-5 powder bed having a total

Based on the modified Dubinin-Asthakov adsorption model, at 60 - 5 bar and 80 - 160 K the 3 liter test vessel contains|

composite and Type 1 (metal) tanks at 40K and demonstrate
- tlismlnlallag:n ) i

Structured Bed GM  |hydrogen density of: 15 wt. % g H2/(g MOF) and 20 g H2/(liter  [18.6% total deliverable g H2/(g MOF) and 30.5% g H2/(liter MOF) surpassing the metric.
[MOF)at P = 60-5 barand T =80 - 160 K.
Report on ability to develop testing capability to burst test Type 4[Design and fabrication of a cryogenic pressure test/burst system capable of testing at 77K has been completed.
Composite Tank JPL Safety oversight and documentation is currently 75% complete. Operating this system at 40 K is not feasible. The
ility t noct i lina b haoo imol

Report on ability to identify Type IV
tank liner materials suitable for 40K
operation having a mass less than 8
kg and a wlume less than 3 liters
(2.55 mm thickness).

After evaluating 8 different materials it was concluded
that the liner separates from the shell when the
pressure is decreased below 35bar with a liner
thickness of 2.55mm. With current materials this
metric is not feasible and either a Type 1 or 3 tank

Adsorption Tank Insert capable of allowing less than 3 min.
refueling time and H2 release rate of 0.02 g H2/(sec. kW) with a
mass less than 9.4 kg and a wolume less than 4.2 liters.

Internal MATI HX osu

design is necessary.
eport on ability to Iop and demons e a ular

Current MATI designs exceed the metric for weight and volume, simlulation demonstrates that these designs can
provide the required discharge performance.

Report on ability to develop and demonstrate an isolated heat-
UTRC- [exchanging loop capable of allowing less than 3 min. refueling
SRNL  [time and H2 release rate of 0.02 g H2/(sec. kW) with a mass
less than 6.5 kg and a volume less than 6 liters.

Internal non-MATI HX

The efficacy of an isolated-loop internal heat exchanger was examined. Computational analyses showed that flowing
extemally heated hydrogen (fuel cell radiator heated) through isolated heating channels of a fin-and-tube HX within the
adsorbent would NOT provide enough heat for the minimum drive cycle requirements. An H2 combustor should be
able to raise the H2 temperature high enough, however the fin-and-tube HX has higher mass and wolume than a
.comparable MATI.

Alternative compaction methods will be pursued with Ford
to identify higher volumetric density morphologies
meeting the metrics.

This metric was suspended as not viable.

Report on ability to develop and demonstrate an internal flow
through HX system based on compacted media capable of

Models for 6mm 322kg/m3 pellets indicate that, relative to 130kg/m3 powder, flow through cooling requires a

Met metric

Experiments to validate the models and demonstrate the
concept are in progress at UQTR. Pellets have been
loaded into hex mesh.

Met metrics. Changes in funding and scope have exluded
demonstration, and no experimental validation will be
conducted.

adsorbent system having mass less than 17 kg and a volume
less than 18.5 liters.

Internal flow through HX ?JZ"QI"!-?/ allowing less than 3 min. scaled refueling time and H2 release  [significantly larger mass of exhaust hydrogen and a longer time to cool. Compacted MOF will not meet the
rate of 0.02 g H2/(sec. kW) with a mass less than 6.5 kg and a |metric. It appears that 180ka/m3 MOF-5 powder in an aluminum honeycomb will meet the metric.
\volume less than 6 liters
. R Model of charging process predicts that for a 60bar system, a 10.3 liter, 27.7 kg heat exchanger is required to
Eeporl on ab.llny to develop and demonstrate af‘ intenal flow successfully discharges 5.6 kg H2 at full-scale. For a 200 bar system, a 5.5 liter 15 kg aluminum helical coil HX is
rough cooling system based on powder media capable of onars ' "
h . e capable of meeting discharge target. The current experimental stainless steel sheathed coils have higher density.
Internal flow through HX GM allowing less than 3 min. scaled refueling time, and an internal Neither HX meets the mass metric.
heating system for scaled H2 release rate of 0.02 g H2/(sec. kW) "
with a mass less than 6.5 kg and a volume less than 6 liters.
Report on ability to develop and demonstrate FC radiator capable [System and detailed segmented models suggest that a small Downstream H2 HX (1.1 kg, 1.0 L) will meet the
Extemal HX JpL o heating 80K hydrogen stream to 233K flowing at 1.6g/sec with [performance metrics at all but -40°C ambient conditions. An auxiliary heater may be required for such conditions.
no icing at 50%RH with a mass increase of less than 2.5 kg and |Results also indicate that a "cold start" heater will be y for i of T<-10°C. The of this
a volume less than 1.5 liters. HX predicted by modeling meets the metrics.
Report on ability to develop and demonstrate a 1 kKW catalytic
combustor to augment partial H2 preconditioning by an existing | Validated si results that the has an efficency >95% meeting the
Catalytic Combustor OSU' {£C radiator with >85% efficiency having a mass less than 0.6 kg |metric.
and volume less than 0.5 liters.
Report on ability to identify BoP materials (excluding internal HX, [The BOP mass is significantly reduced with the lower pressure from 200bar to 69bar. The mass of the 69 bar solenoid
BoP PNNL external HX, and combustor) suitable for 60 bar cryogenic operated valves are 1/10th the weight of the 200 bar valves with an overall mass and volume of 0.81kg and 0.63L

respectively. The final BoP mass and volume without the internal tank heat exchanger, the fuel cell, H2 gas warm up
loop, and the tank is 6.7kg and 8.5L far exceeding the metric.

Report on ability to identify a system design having a mass less
System Design SRNL  [than 137 kg and a volume less than 279 liters meeting the all of
the HSECoE drive cycles

Several system designs exceeding metricss: 200 bar, 80 K, Powder
MOF-5, FT Cooling + HexCell HX, Type 3 Tank (System mass = 110 kg, System wolume = 219 L)

- 100 bar, 70 K, Powder MOF-5, FT Cooling + HexCell HX, Type 1 Al Tank (System mass = 127 kg, System wlume
=2581L) ~- 80 bar, 80 K, 80% MPD 0.322 g/cc Compacted MOF-5, MATI, Type 3 Tank
(System mass = 120 kg, System volume = 259 L)

Calculate and model the well-to-powerplant (WTPP) eficiency for
Efficiency Analysis NREL [two adsorbent storage system designs and compare results

In progress

relative to the 60% technical target.

\Will complete by 12/31/12

HSECoE

Met

Continuing

Suspended
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Approach

Phase 2

dsorbent System Milestones

composite and Type 1 (metal) tanks at 40K and demonstrate
- tlismlnlallag:n ) -

Adsorbent System
Component Partner S*M*A*R*T Milestone Status 10/1/12 Projected Outcome
Report on ability to develop compacted MOF-5 adsorbent media [H2 grav. density of the MOF-5 material >11% is possible with .3 g/cc (w/o ENG) at P = 60-5 bar and T = 80-160K | The capability of achieving specific metrics with a given
Materials Development Forg |aving a total hydrogen material density of greater than or equal | with 60% packing effciency. H2 vol. densily of the MOF-5 material >33 gl is possible with .5 g/cc (+5% ENG) at P = ion is possible, investigations will be continue tol
aterials Developme o4 |t 0.3 g/L, H2 density of 11 wt. % and 33 glliter and thermal 60-5 bar and T = 80-160K with 100% packing efficiency. Thermal conductivity of .5 W/m-K is possible with .3 glcc to |devise a media morphology which will meet all of the
conductivity of 0.5 W/m-K at P = 60-5 bar and T = 80-160K. .5 glcc + 10% ENG with temperatures > 100-120 K. metrics.
Report on ability to demonstrate a composite MOF-5 adsorbent |H2 effective kinetics have been conducted and proven over 240 cycles for MOF-5 powder. The monolith testing for .
" . " e y " e Met Metric
monoliths having H2 effective kinetics equivalent to 5.6 kg usable [kinetics is planned. Permeation testing has been conducted for various temperatures and densities. Based on the -~ N o N
Ford/UM/ . . . " B o The kinetic response of the MOF-5 material will achieve
Materials Development H2 over 3 minutes and permeation in packed and powder particle |extrapolation of permiation test data at 0.12 m/s, the 5bar pressure drop milestone is possible (initial assessment of . " e .
BASF N N N M B N - . the desired response while the permeation will continue to
beds with flow rate of 1 m/s superficial velocity and pressure drop|uncompressed darcy) at a media density of 0.3 g/cc but will be a signficant challenge beyond this density, meeting > 'e
N be a challenge with densities greater than 0.3 g/cc.
of 5 bar. the metric.
Report on ability to develop a compacted MOF-5 adsorbent Evaluation of isotherms provided by Ford for initial & final states gives: [— ; thods will b o with Ford
Mataials Doelopmert SRNLI | med bed N a ot Iycogendansity o 11 % g 2y _ |180kgim (ncompectd) G0=0.15 VO=255 miseing the VC matrc Loty higher voumetc Gorsy morphciogies.
P UQTR  [MOF) and 33 g H2/(liter MOF) at P = 60 - 5 bar and T = 80 - 160[322kg/m® GC=0.10 VC=33.0 missing the GC metric meeting theg metrics. YIERIEEY
K 520g/m® GC=0.07 VC=36.7 missing the GC metric
Report on ability to develop MOF-5 powder bed having a total Based on the modified Dubinin-Asthakov adsorption model, at 60 - 5 bar and 80 - 160 K the 3 liter test vessel contains|
Structured Bed GM  |hydrogen density of: 15 wt. % g H2/(g MOF) and 20 g H2/(liter  [18.6% total deliverable g H2/(g MOF) and 30.5% g H2/(liter MOF) surpassing the metric.
[MOF)at P = 60-5 barand T =80 - 160 K.
Report on ability to develop testing capability to burst test Type 4[Design and fabrication of a cryogenic pressure test/burst system capable of testing at 77K has been completed.
Composite Tank JPL

Safety oversight and documentation is currently 75% complete. Operating this system at 40 K is not feasible. The
ey P— T

Report on ability to identify Type IV
tank liner materials suitable for 40K
operation having a mass less than 8
kg and a wlume less than 3 liters
(2.55 mm thickness).

metric is not feasi

After evaluating 8 different materials it was concluded
that the liner separates from the shell when the
pressure is decreased below 35bar with a liner
thickness of 2.55mm. With current materials this

design is necessary.
eport on ability to Iop and demons e a ular

ble and either a Type 1 or 3 tank

Adsorption Tank Insert capable of allowing less than 3 min.

Current MATI designs exceed the metric for weight and volume, simlulation demonstrates that these designs can

Int I MATI HX osu
ntema refueling time and H2 release rate of 0.02 g H2/(sec. kW) with a |provide the required discharge performance.
mass less than 9.4 kg and a wolume less than 4.2 liters.
Report on abilty to develop and demonstrate an isolated heat. | T SCacY of an isolated-loop intemal heat exchanger was examined. Computational analyses showed that flowing
§ . © > externally heated hydrogen (fuel cell radiator heated) through isolated heating channels of a fin-and-tube HX within the
UTRC- [exchanging loop capable of allowing less than 3 min. refueling " - N " . .
Internal non-MATI HX adsorbent would NOT provide enough heat for the minimum drive cycle requirements. An H2 combustor should be This metric was suspended as not viable.
SRNL [time and H2 release rate of 0.02 g H2/(sec. kW) with a mass
N able to raise the H2 temperature high enough, however the fin-and-tube HX has higher mass and volume than a
less than 6.5 kg and a volume less than 6 liters.
.comparable MATI.
Report on ability to develop and demonstrate an internal flow ——
through HX system based on compacted media capable of Models for 6mm 322kg/m3 pellets indicate that, relative to 130kg/m3 powder, flow through cooling requires a N "
Internal flow through HX SRNL | llowing less than 3 min. scaled refueling time and H rel ignificantly larger mass of exhaust hydrogen and a longer time to cool. Compacted MOF will not meet th Experiments to validate the modsls and demonstrate the
emnal flow througl UQTR |@lowing less thar . scaled refueling time a release  |significantly larger mass of exhaust hydrogen and a longer time to cool. Compacte: ot meet the et e i s TR e v e

rate of 0.02 g H2/(sec. kW) with a mass less than 6.5 kg and a
\volume less than 6 liters.

metric. It appears that 180kg/m3 MOF-5 powder in an aluminum honeycomb will meet the metric.

35 liters.

Report on ability to develop a thermal
insulation design having less than a

5 W heat leak at 40K having a mass
less than 11 kg and wolume less than

experiments have b

heat load to 2 W fa

Detailed modeling and coupon-scale validation

thermal isolation system composed of a 60-layer MLI
blanket composed of VDA mylar and dacron separators
within a vacuum of at least 1e-4 Torr, reduces parasitic

een completed showing that the

r exceeding the metric.

System Design

SRNL

Report on ability to identify a system design having a mass less
than 137 kg and a volume less than 279 liters meeting the all of
the HSECoE drive cycles

Several system designs exceeding metricss: 200 bar, 80 K, Powder
MOF-5, FT Cooling + HexCell HX, Type 3 Tank (System mass = 110 kg, System wolume = 219 L)

- 100 bar, 70 K, Powder MOF-5, FT Cooling + HexCell HX, Type 1 Al Tank (System mass = 127 kg, System wlume
=2581L) ~- 80 bar, 80 K, 80% MPD 0.322 g/cc Compacted MOF-5, MATI, Type 3 Tank
(System mass = 120 kg, System volume = 259 L)

Efficiency Analysis

NREL

Calculate and model the well-to-powerplant (WTPP) eficiency for
two adsorbent storage system designs and compare results

relative to the 60% technical target.

In progress

loaded into hex mesh.

\Will complete by 12/31/12

[51) HSECoE

Met

Continuing

Suspended
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Accomplishment

Chemical Hydride System Projection

Ammonia

End of Phase 1 |

2017 Targets
e Media: Fluid Phase Ammonia Borane: 50wt.% AB -
in BMIMCI (1-n-butyl-3-methylimidazolium chloride)

e 12 Components:
« Bladder Tank

e Flow Through Reactor

Spent Fuel

Feed Liquid AB Zi

Recycle Pump

e Gas Liquid Separator/Ballast Tank Q @ (' o)

. Ra d i ato r Electric Heater Reactor
Feed Pump
e Hydrogen Purification
y g Gravimetric Density TED
Start Time to Full Flow (20°C)  100%———__ Min. Delivery Temp. W HSECOE Estimates

Fill Time (5kg H2) Max Delivery Temp.

Gravimetric Density
On-Board Efficiency Start Time to Full Flow (-20°C)
System Cost

. \ Transient Response
H, Purity \

Wells-to-Power Plant Efficency X

Min. Delivery Pressure

Max. Operating Temp.

Max. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost

Cycle Life (1/4 - full) ————1——"" Onboard Efficiency
@ HSEBOE Volumetric Density

~ System Cost

Phase Separator/
Ballast Tank

Min. Operating Temp.

12



Accomplishment

Chemical Hydride: Slurry Development

Pacific Northwest
MNATIOMAL LABORATORY

Milestone

Report on ability to develop a 40 wt% slurry AB material
having viscosity less than 1500cP pre- and post-
dehydrogenation and kinetics comparable to the neat.

Ammonia Borane Slurry Development

Metric Outcome

Particle Size Distribution

Particle Size Distribution

1-40 41-80

81-120

Particle Size (um)

121-160 161-250 251-500 501-1000 1001-2000

35.99% TEITAR
S-A
AB Weylchem AB
17.97% Slurry
After Sonication
5.55% 2.2um U./5% 0.37% 037% 0.00%
1-40 41-80 81-120 121160 161-250 251-500 501-1000 1-40 41-80 81-120 121-160 I 161-250  251-500 '501_]000'
Particle Diameter (um) Particle Diameter (um)
Particle Size Distribution Particle Size Distribution
63.83% S
= Weylchem AB
Weylchem AB Slurry
Spent Slurry
37o% S8R 5OT% 5o o 2.14% 0.39% 0.19% 0.39% 0.00%
1-40 41-80 81-120 121-160 161-250 251-500

Particle Diameter (um)

(1) HSECoE

30_ — 100 °C (PNNL)
—— 120 °C (PNNL)
25| —— 100°C (So)
— 120 °C (So)
—— 100 °C (UO)
m 2.0
=< —1207C (UO)
k]
E 15
o~
T
© 1.0
£
054
0.0
T T T T T 1
0 50 100 150 200
Time {min}

45w/o AB in|
silicon oil :
~7 wi/o H,



Accomplishment

Chemical Hydride: Reactor

/A
> IE'. Alamos

NATIONAL LABORATORY

EST.1943

Milestone

Metric Outcome

Report on ability to develop a flow through reactor capable
of discharging 0.8 g/s H2 from a 40 wt.% AB fluid-phase
composition having a mass of no more than 2 kg and a volume
of no more than 1 liter.

Reactor performance tests with kinetics will be performed on
» 35-40 wt% AB slurries

* 40-60 wt.% Alane slurries with the anticipation of meeting
the target

Flow-Through Reactor

Media

Ammonia Borane Slurries
Alane Slurries

14

Feed
l Methoxy-propyl amine borane (MPAB) .
ﬁ -
I ) Auger
T 5
i =1 B e
a ES
TC1  TCeont TC2 L L%L 100 2
TC3
Slurry : o i
‘l’ Effluent a . _ﬂf::#
Auger Reactor
100 120 140 160 180 200 XX M40 260 280
Liquid Helical Reactors 0 Teme (©)
275 4 =—Reactor Inlet
o ——Reactor Setpoint | | | | L ]
| e e o 100 —&—1,,,=68 min 1
e | —*— T,y = 135 min
o 7 20 ot -
% 178 = *
Alane Auger £ . T e ]
Reactor Results § 5 ] g ]
- 3
w0 20 I d
5 ""'*//"'
o ; : . . i i i i 0 oL E e _
’ v o ﬁ;f[min;isl "SR R 100 120 140 180 180 200 2200 240 280 280
(&) HSECOE - e
\ Alane = 1.09 mL/min | |Afane =0.55 mL/min



Accomplishment

Chemical Hydride: BoP-Gas/Liquid Separator

2 United Technologies
Research Center

Milestone Metric Outcome
Report on ability to develop a GLS capable of handeling 720
mL/min liquid phase and 600 L/min of H2 @ STP (40 wt% AB
@ 2.35 Eq H2 and max H2 flow of 0.8 g/s H2) fluid having a
viscosity less than 1500cp with resulting in a gas with less
than 100ppm aerosol having a mass less than 5.4 kg and
wvolume less than 19 liters.

Could not meet mass but far exceeded volume metric
Demonstrated operation meeting metrics utilizing spent fuel
simulant.

static vortex
vane finder

Droplet size
10 25 100 150 200 500 1,000 pum

E e SR AR

g cadl Sl

14

(1) HSECoE ' _



Accomplishment

o
#

wt. %]
#

Dynamic HH, sorption capacity
I
#

0%

Chemical Hydride: BoP-Gas Purification

/"\

aN
- Los Alamos

NATIONAL LABORATORY

EST.1943

*

Milestone

Metric Outcome

Report on ability to develop a borazine scrubber with a
minimum replacment interval of 1800 miles of driving resulting
in a minimum outlet borazine concentration of 0.1 ppm (inlet
concentration = 4,000 ppm) having a maximum mass of 3.95
kg and maximum wolume less of 3.6 liters.

Mass metric achieved but volume metric missed.
Compaction of adsorbent media could be conducted to meet
the wvolume metric but emphasis will be placed on reactor
testing.

Report on ability to develop an ammonia scrubber with a
minimum replacment interval of 1800 miles of driving resulting

in @ minimum ammonia outlet concentration of 0.1 ppm (inlet |Met Metric
concentration = 500 ppm )having a maximum mass of 1.2 kg
and a maximum volume of 1.6 liters.
Ammonia & Borazine Filters s 1
0.35
0.3 08
P Ammonia t,
<025
: * 20C
£ 4
g 02 —model 20¢ e .
s 50C s] Borazine
£ 0.15 O
B model 50C
£ o1 = 77C 04
H —model 77C
0.05 t
. 02 - 0
0.00001 0.0001 0.001 0.01 0.1 1
PNH3/bar N\
0 . :
1/
15% 0 [ 50 100 : 150
1 L iF ' I
S+ 10% ! |
o< ! !
E% 5% : ¥
‘.. £ A B coD Juu-lm.ﬁ ol
o L
R £° . ,

2 4 5 ]
Adsorption/desorption cycle number [-]

RT, 60 psig, 0 % RH

@ HSECoE

Wavenumber (cm-1)

MnCL/IRH-33

ACN-210-15

United Technologies
Research Center

Ammonia

Borazine
16



Accomplishment

Chemical Hydride: System Design

Milestone

Metric Outcome

~7

Pacific Northwest

MATIOMNAL LABORATORY

Report on ability to identify BoP materials suitable for the
Chemical Hydrogen system having a system mass no more
than 41 kg and a system wolume no more than 57 liters.

Volumetric metric met.
Gravimetric metric not met. The requirements for the
Hydrogen purification system increased from 4.3kg to 19.1 kg.

Report on ability to identify a system design having a mass
less than 97 kg and a wlume less than 118 liters meeting the
all of the HSECoE drive cycles.

Metric not met. A path to minimize the mass and volume of
the system to meet the targets has been identified, but higher
slurry concentration (64w% AB) or a slurry with a higher
hydrogen loading (9.8 wt%) will be required to meet the metric.

Borazine/
Ammonia
Filter (FT-2)

Particulate Ammonia
Fiter (FT-4) Filter (FT-3)

@200
(N5-03)

pppppppp

” Coalescing
- | Filter (FT-1)

Phase Separator
Ballast Tank

(Ps-1)

Recycle Pump (P-2)

1) HSECoE

m Slurry
B Tankage
B Pumps

B Tank Mixers

M Radiators
Reactor
Valves and Piping

Instruments

137 kg

B Clean-Up Beds & Filters

17



Accomplishment

7
Chemical Hydride: BoP-Displacement Tank PRl

—

Pleated membrane design validated to
minimize strain and allow flexibility in
membrane materials

=
(%)

One liter volume displacement tank
designed/built/tested

[ury
o

Exposure testing of membrane
materials to AB and silicon oil
before and after dehydrogenation

(%]
|

0 -

Ultimate Tensile Strength (MPa)

mEPDM m EPDM 168hr Exposure  m EPDM 1200hr Exposure
m Viton m Viton 168hr Exposure m Viton 1200hr Exposure
B Buna-N B Buna-N 168hr Eposure Buna-N 1200hr Exposure

@ HSEBOE Viton is a registered trademark of DuPont Performance 18

Elastomers L.L.C.



Accomplishment

Chemical Hydride System Waterfall Charts

Mass Target

Volume Target

160

140

= =
= =]
= =
|
|

(=)}
=
|

System Mass (kg)
co
)

e
o

20 -

160

140 -

System Volume (L)
oo
=1

60 -

Achieving Mass target through

— increased fluid loading and

(1) HSECoE

reduced clean-up system will

result in achievement of volume
target.

19



Accomplishment

« Media Type: 50wt% Slurry Ammonia Borane in Fil Staon L

« Primary Components: i R !

PRV @5 bar
V)

Chemical Hydride System Projection
End of Phase 2

2017 Targets

( Volume
R Insoz  Displacement
Tank (TNK-1)

Borazine/
Ammonia
Filter (FT-2)

Particulate Ammonia
Filter (FT-4) Filter (FT-3)

(INS-03)

ags - Fill & Drain 5z . s
silicon oil Pors o T QZQDE '

” Coalescing
/7| Fitter (FT-1)

« Bladder Tank

Feed Pump. Q

« Flow Through Reactor

Phase Separator

Feed Pump (P-1) Rac::t:-; . i Ballast Tank
. T U T e P T 7 S A e S-1)
» Gas Liquid Separator/Ballast Tank e
« Radiator
e Purification 80
Gravimetric Density

W H5ECoE Estimates

Start Time to Full Flow (20°C)  100% |

—__Min. Delivery Temp.

Fill Time (5kg H2) Max Delivery Temp.

Gravimetric Density
On-Board Efficiency Start Time to Full Flow (-20°C)
System Cost

. Transient Response
H, Purity

Wells-to-Power Plant Efficency "

Min. Delivery Pressure

Max. Operating Temp.

Min. Operating Temp.

Max. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost ~ System Cost

Cycle Life (1/4-full) — —-L1—"" Onboard Efficiency

@ HSEcoE Volumetric Density 20



Accomplishment
Chemical Hydride System Projection
End of Phase 2

r Volume
nso2  Displacement
Tank (TNK-1)

Borazine/
Ammonia
Filter (FT-2)

Particulate Ammonia

Filter (FT-4) Filter (FT-3)

2017 Targets i — -

« Media Type: 50wt% Slurry Ammonia Borane in i station w @ L R b
H1H H Fill & Drain 5% _ wss  (RD2) | |°eerten
silicon oil pos 1, 2E

” Coalescing
7| Fitter (FT-1)

« Primary Components:
- Bladder Tank |

« Flow Through Reactor

Phase Separator
Ballast Tank
(PS-1)

Finned
Drain Vessel
(TNK-2)

« Gas Liquid Separator/Ballast Tank

« Radiator o

e« Purification “TBD
Gravimetric Density

. . W H5ECoE Estimates
~100%————___Min. Delivery Temp.

Start Time to Full Flow (20°C

Fill Time (5kg H2) Max Delivery Temp.

Gravimetric Density
On-Board Efﬁciency Start Time to Full Flow (-20°C)
System Cost

. Transient Response |
H, Purity

Wells-to-Power Plant Efficency I‘ Max. Delivery Pressure

Min. Delivery Pressure

Max. Operating Temp.

Min. Operating Temp.

4
Loss of Useable H2 Min. Full Flow Rate

Fuel Cost System Cost

Cycle Life (1/4 - full) = Onboard Efficiency
Volumetric Density

20




Accomplishment

Adsorbent System Projection
End of Phase 1 - . -

2017 Targets _—

el oo b

. AX-21, no thermal enhancement, 80 K initial fill — ' . !

. Type 3 CF/Al lined pressure vessel, 6 mm liner, 200 bar . | -

- Double-wall 60-layer MLVI jacket design, 5W heat leak @ 80 K / T o é o ’é; s

. Porous-bed “flow-through” cooling/fueling design for - E - %* "
adsorption D e 9 e e

. Desorption heat via tank-integral electrical resistance O wmge~ 2 - B
elements/HX TBD

Gravimetric Density
Start Time to Full Flow (20°C)  100%—1——

. . W HSECoE Estimates
__Min. Delivery Temp.

Fill Time (5kg H2) Max Delivery Temp.

Min. Delivery Pressure

Gravimetric Density Start Time to Full Elow (-20°C)
Volumetric Density

SyStem COSt Transient Response
Loss of Usable H,

Max. Operating Temp.
Min. Operating Temp.

Max. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost " System Cost

Cycle Life (1/4 - fuII) dnboard Efficiency
@ HSEBOE Volumetric Density 21



Accomplishment

Adsorbent System: Media Engineering

Milestone

Metric Outcome

Report on ability to develop compacted MOF-5 adsorbent media
having a total hydrogen material density of greater than or equal to 0.3
g/L, H2 density of 11 wt. % and 33 g/liter and thermal conductivity of 0.5
W/m-K at P = 60-5 bar and T = 80-160K.

The capability of achieving individual metrics with a given configuration
has been demonstrated. No one structure has been identified
achieving all of the metrics.

Report on ability to demonstrate a composite MOF-5 adsorbent
monoliths having H2 effective kinetics equivalent to 5.6 kg usable H2
over 3 minutes and permeation in packed and powder particle beds with
flow rate of 1 m/s superficial velocity and pressure drop of 5 bar.

Met Metric

The kinetic response of the MOF-5 material will achieve the desired
response while the permeation will continue to be a challenge with
densities greater than 0.3 g/cc.

Permeability Measurement

Volumetric Density

Computer

H2 entrance

50 scem ~ 550 scem  Valve s

p = 0.3 g/CC p = 05 g/CC Liquid N2 Leve
40+ e
4o | s
- q — i Usable H, capacit
d - U‘Ea’b‘E'HT wpm\w T * A d r=---- © Jj A T T T T T T T e - Copper Coil
= 30t 2 : [ -
o ’ o 300
o > H H2
@ @ : a. Setup diagram b. Sample Holder
5 i ; e
@20 & : 1 * Afterdegas 206K ¢ MOFS7TK
o o 20 2 28e-1 \ ——— Trendine2%K  © +SRENGTIK
E T H : = \ === = Trendline-7TK 0 HO%ENG-TTK
% — Compressed Hy E — Compressed Hy E e 1 L] M'Iorfdogl's 1K
= 10 £_ o v -7 & Powder 2 10l doee YT ® Powder (p=013g/ml) || T 1{. : :aso Esés?f“
r Pellets (p =0.3 g/ml) Pellets {p = 0.5 g/ml) = ¢ & HIRENG-ZIK
b A 0% ENG 10% ENG A 0%ENG & 5% ENG = 181
ke & H¥ENG + 1% ENG 10% ENG = l\ 20029
ol ‘ ‘ ‘ . o ol : ) - . QR 3
0 20 40 60 30 100 0 20 40 60 80 100 &‘3 1.0e-1 \ s @ go ”_Ii
Pressure (bar) : - ' e 00 45 —
) Pressure (bar) ? . N, o o8 080
g 902 o o_&’-“ '\;\ .
. -~ - - &
1 0‘6_% il T
TR L et - SRy a-§91c1
[41) HSECoE W e T

Sample Density (g cm |



Accomplishment JPL

Jet Propulsion Laberatory

Adsorbent System: BoP-Composite Tank (e

Milestone Metric Outcome
Report on ability to develop testing capability to burst test Type 4 The cryogenic test facility was completed, but funding was exhausted
composite and Type 1 (metal) tanks at 40K and demonstrate tanks prior to tank testing. Cimeron composites has been identified as having
meeting minimally 2.5x nominal operating burst pressure. the capability to perform these tests within budget. Metric Met.

Report on ability to develop Type 4 (composite) and Type 1 (metal) [Based on these results single piece 120 liter Type 1 and Type 4 tanks
tanks capable of use between 40 and 160K meeting ASME pressure will be designed and masses calculated. It is anticipated that the Type
vessel code for use at 60 bar having a mass less than 10 kg and a 1 tank will not meet the mass target while the Type 4 tank will meet
wolume less than 120 liters. the mass metric.

Report on ability to identify Type IV tank liner materials suitable for
40K operation having a mass less than 8 kg and a wolume less than 3 Metric not achievable
liters (2.55 mm thickness).

Cryo-burst test facility competed Segmented Al tank design Cryogenic Tank Testing

e

JPL/NASA




Accomplishment

Adsorbent System: BoP-Insulation Development

JPL

Jet Propulsion Laboratory
Califormia instiute of Technology

Milestone

than 35 liters.

Report on ability to develop a thermal insulation design having less than
a 5 W heat leak at 40K having a mass less than 11 kg and volume less

Bell Jar

Vacuum Shell Mock-up

\

\ Stanw

(1) HSECoE

9" total [WlmZ]

Metric Outcome

5

——20 Layers
4 ——40 Layers

——60 Layers

—+—80 Layers
3
2 //
1 J
0
10 107 108 10 104 103

P [torr]
3.9
3.7
35
3.3
3.1
29
2.7 O Experiment: 30 Layers
£ Prediction: 30 Layers, 43/cm
2.5
0.0E+00 5.0E-05 1.0E-04 1.5E-04 2.0E-04
P [Torr]



Accomplishment ﬂs
_Adsorbent System: BoP-Internal Heat Exchange

Milestone
Report on ability to develop and demonstrate a Modular Adsorption
Tank Insert capable of allowing less than 3 min. refueling time and H2
release rate of 0.02 g H2/(sec. kW) with a mass less than 9.4 kg and a
wolume less than 4.2 liters.

Modular Adsorption Tank Insert (MATI)

System Concept

D =30cm

I h=25m
H2(gas) W2 Q

Metric Outcome

Q=MTpyzAT
N2 (liq) Co-::m;mgfare h N2 (liq)
70K 7K
+  Cross-flow HX _ ;
= Heat of adsorption removed by LN2 MATI v1—Com b_lne.d LNZ
+  Radial H2 access to adsorption bed coollng and H2 distribution
—TCl —TC2 —TC3
+ TCl-Exp = TC2-Exp = TC3-Exp —TC4 —TCs —TC6

# TC4-Exp ® TCS5-Exp 4 TCé6-Exp

Bed Temperature [K]

Adsorbent
Material

1 100
Zal J_ v, 0 50 100 150 200 250 0 0 50 100 150 200 250 300
Time [s] Time|s)




Accomplishment @SRNL

Adsorbent System: BoP-Internal Heat Exchange NS

Milestone Metric Outcome
Report on ability to develop and demonstrate an internal flow
through HX system based on compacted media capable of allowing
less than 3 min. scaled refueling time and H2 release rate of 0.02 g Met metric
H2/(sec. kW) with a mass less than 6.5 kg and a wolume less than 6
liters.

Powder & Pellet HexCell HX

- i Hydrogen Inlet 319.0
B
| 310
Heat
Exchanger 300
290
Reservoir 280
270
_ 266.44
325
Py
Hydrogen Exhaust 305 / \ ——Exp TC4
285
—_ \\ —Numerical TC4
X 265 \
o
5245 \
5 \ __
L 225 —
=3 g
S 205 A\ ,,///
- //
185 = -
——
165
145
0 200 400 600 800 1000 1200 1400 1600 1800
m Time (s)



Accomplishment

Adsorbent System: System Design

SRNL

~7

Pacific Northwest

Milestone

Report on ability to identify BoP materials (excluding internal HX
external HX, and combustor) suitable for 60 bar cryogenic adsorbent
system having mass less than 17 kg and a wvolume less than 18.5 liters.

drive cycles

Report on ability to identify a system design having a mass less than
137 kg and a wolume less than 279 liters meeting the all of the HSECoE

Approach - From over ! Billion combinations... down to 4 Systems

Eliminate unraalizzble
system options and
combinztions of optians

Systems C
ng=rs (2 optons] (251)

=4) N

Performa .
parametric .
study .

Opten #1_omien sz _opton #1 . Opton W

: Filter the
: : : Reculte

\.
8 n B . Finzl4 Systems:
P ~ N

Ty

CJ) HSECoE

[51) HSECoE

Internal HX He';‘;::ge"r" *
and Media MOF-5

System
Mass [kl 178.4
System
Volume [L] e

Estimate System
Cost [$] $2,486

System Rank

{Ford} 5.742
Gravimetric

- 0.0314
Capacity [g/g]
Volumetric
Capacity [g/L] 17.04

HexCell +

powder

MOF-5

159.2

320.2

$2,376

6.020

0.0352

17.49

HexCell + MATI + 0.32

0.32 glcc g/cc MOF-5

MOF-5 pellets pucks
175.0 164.3
288.8 270.4
$2,671 $2,883
5.899 5.964
0.0320 0.0341
19.40 20.72

Metric Outcome

HexCell System Balance of Plant

HexCell-Pwdr: BOP Comp Mass [kg] Breakdown

H2_fittings
6%
FC_cool_bypass.._ Insulation | POP-Assembly
4% \m o

Hose_clamps
0%

/ Fiter
H2_Press_sensor 1%

% press_relief/gaug. Temp_sensor

Vacuum_Port
1% 1%

Ins_H2_tubing
1%

Check_valves

%

HexCell-Pwdr: BOP Comp Vol [L] Breakdown

H2_fittings.
Hose_clamps i
o%

FC_coolbypass | _gop_assembly
2% o

H2_Press_sensor

press_relief/gaug

HexCell-Pwdr: BOP Comp Cost [$] Breakdown

3-way_Sol_Valve
%

Sep/liso_valve
%

Check_valves

MNATIOMNAL LABORATORY
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Accomplishment

HexCell Adsorbent System Projection W
End of Phase 2 2 /-

2017 Targets

I

. MOF-5, no thermal enhancement, 80 K initial fill | z

. Type 1 Al pressure vessel, 100 bar —— %1. prsse alitvabe 'r&?:ﬂ
. Double-wall 60-layer MLVI jacket design, 5W heat leak @ 80 K Qe ? " T

. Adsorption: Porous-bed “flow-through” cooling/fueling O oo N :_ f}:iﬂ
. Desorption: Electrical resistance heater/honeycomb HX 140K @ s Y ,.::m':’.‘;:; -t

TED

Gravimetric Density B HSECOE Estimates

Start Time to Full Flow (20°C)  100%———___ Min. Delivery Temp.

Fill Time (S5kg H2) Max Delivery Temp.

Start Time to Full Flow (-20° Min. Delivery Pressure

Gravimetric Density
Volumetric Density T

ransient Response
System Cost
Loss of Usable H, \

Wells-to-Power Plant Efficency "

Max. Operating Temp.
Min. Operating Temp.

Max. Delivery Pressure

Loss of Useable H2 " Min. Full Flow Rate

Fuel Cost » " System Cost

Cycle Life (1/4 - fuli.) — Onboard Efficiency

@ — N



Accomplishment

HexCell Adsorbent System Projection
End of Phase 2 -

2017 Targets

. MOF-5, no thermal enhancement, 80 K initial fill

. Type 1 Al pressure vessel, 100 bar

% S.way Salencid Valve s Hriogen e
. Double-wall 60-layer MLVI jacket design, 5W heat leak @ 80 K Q e ® .
. Adsorption: Porous-bed “flow-through” cooling/fueling O oo N B m:;“w:
. Desorption: Electrical resistance heater/honeycomb HX 140K @t e == G
W TED

Gravimetric Density
Start Time to Full Flow (20°C) _100%———__ Min. Delivery Temp.

W HSECoE Estimates

Fill Time (S5kg H2) Max Delivery Temp.

Start Time to Full Flow (-20° Min. Delivery Pressure

Gravimetric Density
Volumetric Density T

ransient Response Max. Operating Temp.
System Cost
Loss of Usable H, —
Min. Operating Temp.
Wells-to-Power Plant Efficency Max. Delivery Pressure

" Min. Full Flow Rate

Fuel Cost T\ System Cost

Cycle Life (1/4 - full) ~ Onboard Efficiency

fi@ HSEc oE Volu m;iri;:_;;_nsity o8




Accomplishment

MATI Adsorbent System Projection
End of Phase 2 =

2017 Targets

. Compacted MOF-5, no thermal enhancement, 80 K initial fill

. Type 1 Al pressure vessel, 100 bar S. ::.:......9.....
. Double-wall 60-layer MLVI jacket design, 5W heat leak @ 80 K S 3sor %" -

. Adsorption: LN2 chilled plates N O
. Desorption: BoP heated H2/140K O o 9 s
[rad  Hydrogen Condstianing Caoling Outlat Straam
R R - e

Gravimetric Density TBD
Start Time to Full Flow (20°C)  100%———__ Min. Delivery Temp. W HSECOE Estimates

Max Delivery Temp.

Gravimetric DenSity art=F . =202 Min. Delivery Pressure
Volumetric Density
System Cost

Loss of Usable H,

Max. Operating Temp.
Min. Operating Temp.

Max. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost

@ HSEBOE Cycle Life (1/4 - fu||)

_— System Cost

" Onboard Efficiency 29
Volumetric Density



Accomplishment

MATI Adsorbent System Projection
End of Phase 2 i~

2017 Targets

a7

10

3|m:
- 0y

| [«
1 L
1
nea

. Compacted MOF-5, no thermal enhancement, 80 K initial fill ™~
. Type 1 Al pressure vessel, 100 bar E Vo
- Double-wall 60-layer MLVI jacket design, 5W heat leak @ 80 K % fo st —
. Adsorption: LN2 chilled plates N S
Ghyeol Tank . Liquid Nitrogen Coaling
. Desorption: BoP heated H2/140K 0 7 e
[rand Hydrogen conditioning Cooling Outint Stream
(2 cemboner W :m:::* - wnuum;::n
Gravimetric Density ©TBD
Start Time to Full Flow (20°C).  100%———__  Min. Delivery Temp. W HSECOE Estimates

Gravimetric Density artF ct-Frowr{-=26° Min. Delivery Pressure
Volumetric Density \
System Cost

Max. Operating Temp.
Loss of Usable H,

Min. Operating Temp.

/) Max. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost

@ HSECOE Cycle Life (1/4 - fU”)i_""“’”- " Onboard Efficiency 29

Volumetric Density

System Cost



Accomplishment

Waterfall Charts for 80 K, 100 bar HexCell System

240 360
—_ + I - m
— ol £ —
2 200 - I E 300 I
" T
% 160 - — 3 240
= ] S
S 120 —W 2017 Target i E 180 _ i
4 - -—-"-"--—-—=-- - - - ===== i
Z 80 o 2120 |
2 o =
O 40 - 2 60
2 4] e
O : T T T T T O T T T T
A B C D E F G H Final D E F G H Final
Value Value
$3,600 Step Description
g A Phase 1 Baseline — Activated Carbon; Type 3 tank; Full at
E $3,000 80K, 200 bar; FT Cooling + Generic Resistance Heater
2 $2.400 - B Set Operating Conditions to 80 K, 100 bar and Type 1 Al
% T pellie em e e m e o= - - = """ Tank
2 51,800 2017 Target n c Identify Internal Heat Exchanger Design:
g HexCell w/ Resistance Heater
'E 51,200 D Change Material from Activated Carbon to Powder MOF-5
®  $600 E Improve BOP Components (reduce mass & volume by 25%)
§ F Maintain Capacity with increased Operating Temperature
S0 | | | | | (reduce MLVI by 50%; remove LN)
A B C D E F G H  Final G Increase Material Capacity to 140% of Powdered MOF-5
Value H Increase Material Capacity to 200% of Powdered MOF-5

(1) HSECoE
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Accomplishment @

Adsorbent System FMEA Updated

Failure Modes and Effects Analysis

Highest risk items identified from initial FMEA

Corrective actions taken

Example actions during phase 2 for reducing the Risk Priority Number (RPN)

« Completed initial homogenous material analysis and heat exchanger testing

» Revised tank construction from composite to aluminum and completed cryogenic testing
» Developed designs with deep-dive technical reviews, controls, and test plans for Phase 3

Initial Phase 2 RPN values Final Phase 2 RPN values
» High: 720 « High: 512
» Mean: 188 « Mean: 113
800 - -
700 B Initial
600
£ ® Final
‘E 500
o
2 400
o
o

w
o
o

200
100 " | TTTRTNNT

0 T T |||| |||| T |||‘v|Jv|JJJJJ‘v|Jv“JJJJ‘JJlu”]Ju]M
57 61 65 69 73 77 81 85 89 93 97 101105109

m i 5r 9 13 '1'? 21 25 29 33 37‘41 ‘45 49 &3
@ HSECoE Risk Item
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Accomplishment

Wells-to-Power Plant Analyses

Milestone

Metric Outcome

Calculate and model the well-to-power plant (WTPP) efficiency for
two adsorbent and one chemical storage system designs and compare
results relative to the 60% technical target.

Met metric for one adsorbent system in process of completion.

Drive Cycles

EPA Urban Dynamometer Driving Schedule
Length 1369 seconds - Distance = 7.45 miles - Average Speed = 19.59 mph

ERESRSER

Test Time, secs

zgt@ﬂﬂﬂwwﬂﬂ

RESIRBIEZEE

Energy Efficiency

200.0
w
x
& 1500
-
H

1000 -
&
-]
=
o
E 50.0

0.0
o @ © o @
v 35 W A5 A5
R A S S 4
%] M) 2 .
PN S NG
o o \a \s i
) \» e & s
A= A N o O
SN v

Vehicle Storage Parasitics
W Station
W Transport (Trailer)
ETerminal
M Liguefaction
HRegen

B Plant Gate

1) HSECoE

Integrated System Modeling

Powertrain

rag
+
Aot Loads
Accel

Fusl Cell Fuel Storage.

4

H

System Check

Roling Resistance

GHG Emissions

Previous Vakies

1000
900
200
Joo
600 + —————
500 +
400 4 —
300 +
200 -
100 +

WTW GHG EmEsions (gms CO2eq/mile)

Vehicle Storage Parasitics
W Station
W Transport (Trailer)
W Terminal
W Ligquefaction
MWRegen
mPlant Gate
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Accomplishment

Technical Target Prioritization

« All targets must still be met simultaneously

* Prioritization identifies performance must-have vs.
design choice targets

* Guides design trade-offs to optimize overall
system/vehicle performance to meet customer
expectations

* QFD approach originally taken

Priority

* Method for the refined analysis

L ol

Original Target Ranking

Target

Correlation of Driving Range vs.
Volumetric Density

«  Quantify the storage system linkage to vehicle attributes
«  Subjective scale of cause-effect relationships are
revised based on correlation analysis
« Limited to the key system targets:
gravimetric density, volumetric density, and cost

* Refined Analysis

20:0%

15:0%

TO-0%

—

/

£ Range Effect

Drivil

By

. : : oo

20% -15% -10% -5% [}
£ i
5 Ay P

-

5% 10% 15% 208

P

-~

~20-0%;
Volumetric Density Change from 2017 Target

« System Score = Grav. Score + Cost Score + Vol. Score

Cost Score = S, X lyc X Ceye
Volumetric Score = Sype, X lypr X Cypr

(1) HSECoE

Target Score = (% of Target Obtained)*) (Importance * Correlation Constant)
Gravimetric Score = Sgpo, (Irg X Cgrg * Ipr X Cgpr + va X Cova * lve X Cave)
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Accomplishment

WEB Site Models Added

F | 3
@ Hydrogen Storage Engineering ; r \
CENTER OF EXCELLENCE | |

Available

@ Hydrogen Storage Engineering

CENTER OF EXCELLENCE
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e
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List of Models
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Analysis

Prozrsl
resear

"What is the Metal Hydride Finite Elements (MHFE) Model?

WHFE Mode
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Accomplishment

WEB Site Models Added

(&) i i 3 ) | - -
= e v el @ Hydrogen Storage Engineering

CENTER OF EXCELLENCE

Home Partners

4 IL" A
Home Mission Partners Approach Technology Areas Progress Technical Gap Models Contact SECOE -org

Models \ y /

T v News

orage Engineering Center of Excelence (HSECoE]
Naion's dependenc: i o c

ienging the way

E wwas selected trough a conpetiive, my

Acceptability Envelope Tool released for metal hydride materials.
3D Metal Hydride Finite Element model released.
Other models will be released in the near future.

veiclel  + What is the e

» What is the Metal Hydride Acceptability Envelope (AE)?

> AEModel

Wihat iz the e

AE Model

con WHFE Mode

el
nload

R e — What is the Metal Hydride Finite Elements (MHFE) Model?

Downlaads

»  MHFE Model

Identification
"\ | of User

ge Engineering 4 [ \
ICELLENCE F

Technical Gap Models Contact

A Base Case Study: Sodium Aluminum Hydride (MHFE-SAH)

+ Downloads

Home Mission Partners Approach Technology Areas Progress Technical Gap Models Contact

@ Hydrozen Storage Engineering Center of Excellence € 2011. All Rights Reserved.
/ Powered by Scientific Computing SENL

WEB Czar (Ted) resp
Load models on site f
New models being im
R. Bowman and T. Jo
test models

[51) HSECoE



Accomplishment

WEB Site Models Added

| mILJ ne_

@ Hydrogen Storage Engineering / /

CENTER OF EXCELLENCE

Home Mission Partners Approach Technology Areas P

Models

b News
»  What is the Metal Hydride Acceptability Envelope (AE)?

b AE Model

Model?

A full understanding of the complex interplay of physical processes that eccur during the
chareing and dischareing of a solid-state hydrogen starage system requires models which
intserate the main phenomena. Such dtailed models provide essential information about flow
and temperature distributions and the utilization of the vesselitself. However detailed system
simulations requirs the coupling of different complex physical phenomena often working against
ane anather. In the past the models that have been developed tended to be either too imited in
scope addressing either a bimited number of physical phenomena simplifying the process or
simplifying the bed geometry. A survey of these models, previously developed, can be found in

The Savannah River National Laboratory, as the leader of the HSECOE, developed a new detailed
3D model (MHFE) based on a Finite Element approach. The model is valid for general metal hydride
vessels.

The approach followed in developing the madel is summarized here:

1. Three simplified scoping madels (for kinstics, scating (esometry] and heat removal) have
been set up (not currently available in the download section) in order to assess
preliminary system designs prior to invoking the detailed 3D finite element analysis. Such
simpified models can be used, along with the Acceptability Envelope (AE) madel analysis,
to perform a quick assessment of storage systems and identify those capable of achieving
determined performance tarests. The kinetics scoping model can be used to evaluate the
effect of temperature and pressure on the loading and discharge kinetics, determining
the optimum conditions for loading and discharge rates for the specific metal hydride and
the maximum achievable loading. The gsomstry scaping tool can be used to calculats the
size of the system, the optimal placement of heat transfer equipment and the gravimetric
and volumetric capacities for the geometric configuration and the specific hydride
material. The heat removal scopine model is used ta calculate flow rates, pressure drops
and temperature increases over the length of the cuuung channels. More details about
the scoping models are available in

2. The MHFE model has been set up including energy cmth Rt et s o
exchange), momentum and mass balances, along with chemical kinetics. Ta do that, the
data available from the scoping models can be used as inputs tothe detailed 3D model. In
particular: (1) the output from the geometry scoping tool can be used as inputs for the
model geometry, or, alternatively, available data about bed dimensians can be dirsctly
used as inputstathe model; (2) the output from heat removal system scoping tool can be

used as inputs for the energy balance eguation or, alternatively data available about the

R. Bowman and T. Jo
test models

HSECoE

@ Hydrogen Storage Engineering
CENTER OF EXCELLENCE

ome Mission Partners Approach Technology Aref

Models

b News

b What is the Metal Hydride Acceptability Envelope (AE)?

» AE Model

b What is the Metal Hydride Finite Elements (MHFE) Model?

» MHFE Model

~ A Base Case Study: Sodium Aluminum Hydride (MHFE-SAH

One of the most promising metal hydride materials, studied all around the world, is Sodium
Aluminum Hydride (S&H). A detailed 3D model for SAH based on the Finite Element approach has
been implemented in COMSOL Multiphysics® Version 4.2a platform. Kinetics data were collected
from the experiments previously carrisd out by United Technologies Research Center™ (UTRC)
for their SAH prototypes (see Alosher 1) and the COMSOL® model has been applied to one of th
UTRC prototype designs.

SHELL AND FINNED TUBE HYDRIDE VESSEL [PROTOTYPE]

The bed madel, here available in the Dawnload section, has § coolant tubes and § tubes used for
the injection of the hydrogen to be absorbed and desorbed.

HYDRIDE BED CROSS SECTION SCHEMATIC

H, Injection Tubes
\ Coolant Tubes
& A

Boundaries

Hydride Bed

The geometry of the model, implemented in COMSOL, is compased of a layer of hydride material
located at sufficient distance from the axial ends of the bed, so that the axal symmetry




Accomplishment

Metal Hydride FEM Model CovsoL @

MULTIPHYSICS® &

% 30_NaAlH4_Loading_2012.mph - COMSOL Multiphysics g].’_f.’.‘.j
Fla Edt View Options Help

| Dlz(Elel slef nla)) 5

05 settings [l Model Libary | @ = B[ ch craphics =i
& o 8= 5 EY 5 parameters so @ Ao 4l ikk|lslocn aa|y | B|m
= % 30_NaAlHe | nading_2012.mph frooe) & | : - -
BB cioball % ~ Parameters "y
Name | Expression [ vaive | Description |-
Pref 101325 101325 Reference Pressure (Pa), Atmospheric Pressure
Uref 0.l 0,10000 Reference Speed (0.1 mjs)
Lref o1 0,10000 Reference Length (m) - Bed Radius
Cref Pref(R*Tref) 40,624 Reference Concentration (malfn™3)
Tref 300 300.00 Reference Temperature (K) -~
rho_ref M_Hz¥Cref 0.0818% Reference H2 Dersity (kafrm™3)
=] POFRATO) 32.674 Initial HZ Concentration (mol/m™3)

Dp JE-7 3.0000e-07 Bed Particle Diameter
epsion 5 0,50000 Bed Yeud Fraction
M_MahlH 54/1000 0,054000 g-molecular weight of Natlk4 (Kg/mol)
e s, M2 2,016/1000 0,0020160 g-moecudar weight of HZ (Kgfmoly
" on e
it ity R 2314 83140 sa%cmat [Ifmalk]
2. Inkerpolstion 15 5k PO 101325 101325 Initial Pressure (Pa)
<ls Inkerpolation 16 (4w} T 373 373.00 Initial Bed Temparature (K}
a Inkerpolation 17 (5} Tini 73 373.00 Temperature of Injected HZ (K)
<. Interplation 18 (Cu] vinj 14 14,000 velociky of Injected HZ in Feed Tube (mfs)
% Tnterpolation 19 (Dv) o ke A o TSRO =
<\ Incerpolation 20 (5w} P
s Interpalation 21 (P} tIES 0
5§ Model 1 fmod) o
B E Dot |
=, E. wession:
o] “ioe:
escry, fion: o

¥ Input data — Constants and functions
|t

e Chue 1 {607}

Input data — Geometry and regions definition = = T2

1%, Step 1: Tine Dependent H

Sl staiomeny gy, Input data — Mass, energy balance models £

|1um’|266m ‘

i start|  Msthead - accep... | E) FlonthroughTasex | 5] output. s [Com... | ] AE parameters s

[51) HSECoE

/] terop P15, [C... | %8 New Tab - Windo... | [ Hz storage - Micr... | 15/] ARE_March013... | (L1 MiFEmodels.dip | ) sheppard and Bu... |[5 30_maalid_to.. |« @~ (B2 A% 4l 529PM




Accomplishment

Metal Hydride FEM Model

| % nz_coding1
10 Boundary System 1 (i)
|| @ vewt
| 2\ Geometry 1
A\ Composite Object 1 (CO1}
|| % pom Lnion (i}
| Msteriak
| BBU PDE (A Kinelics)
| Au PDE 2 (Mt Knetxs)
| -8y PDE3 (M2 Mass. Conserv)
| [ 1R Heat Transfer in Flids (Energy, Conserv
= 5 Meshes
-

B 65 Mesh 2

ComMSOoL ’ﬂ
MULTIPHUSICS * &2

x®

Yo bax

COMSOL 4.2.1.110 Al
5T ] 20l EF] _‘fd |

(t2) HSECOE
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Metal Hydride FEM Model

¥ 30_NaAlH4_Loading_2012.mph - COMSOL Multiphysics
File Edit View Options Help

COMSOL
MULTIPHYSICS® ©

| Ol=l@le] sl

\\h\

Definitions
Bed
na
2 % Bed_Boundary
% Hz_Injector
2 % WallsBESymmetry
= % Caolant_Tubes
Fin
% Hz_Coaling
%5, Coclant_Tutes 1
B, Hz_cooling 1
1+ Boundary System 1 frp=i}
e} @ View 1
Geometry 1
A\ Compasite Object 1 (00T
orm Lnion (¥}
H-EE Materials
t-Au PDE (Wadiyd Snedics)
H-Au POE 2 (Naf_Kinetics!
2}
)

~Au PDE 3 fH2_Mase Conseru)
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Accomplishment

Metal Hydride FEM Model
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% Caolant_Tubes |C1
% Fin Unit:
Hz_Coaling =
%5, Coclant_Tutes 1 [t =
B, Hz_Cocling 1 ™ Descriptian:
-4 Boundary System 1 {5ys1) [Dependent variable C1
e} @ View 1
Geametry 1 :
'\ Composite Ohject 1 (60T} L il
| Farm Union (#in? ~ Plane Data
-5 Materials
AU POE (Vadid Khatios) Plane bype: Quick -
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=48 Meshes Planes: 20
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Accomplishment/Future Work

HSECoE Website Status/Plan

Model Name Lead Status

MH Acceptability Envelope SRNL Complete

MH Finite Element Model SRNL Complete
Model complete

MH Framework Model UTRC (TBR)
Model Complete

Tank Volume/Cost Model PNNL (TBR)

Electric/Hybrid Vehicle
Performance* NREL 6/13

AD Finite Element Model SRNL 9/13

AD Framework Model SRNL 3/14

Chemical Hydride Model(s) PNNL 6/14
* NREL model to be linked to HSECoE website




Accomplishment

Phase 3 Go/NoGo Review Held

*  Where we are now?
 Phase 2 Spider Charts
 Phase 2 SMART Milestone Status
* Phase 2 Waterfall Charts

*  Why this demonstration will be
valuable?

* Validate models
«  Materials Properties Requirements
- Demonstrate Engineering Concepts
*  What will be demonstrated in Phase 3?

«  Scale of test and justification

+  Specific designs/components
(mass/volume/cost)

*  Design status/plan

@ HSECoE

«  How will it be demonstrated in
Phase 3?

«  Specific test plan for each target
«  What will be learned from each test
«  Test facility status/plan
«  Decommissioning plan
*  Who will participate and how?
«  Partner’s roles

. Phase 3 Draft SMART Milestones

e When will this come about?
Planned Phase 3 Gantt chart

Green text indicates deliverable to DOE 37



Accomplishment

System Test Matrixes

Phase 3 ideas for testing specific targets: MOF-5 cryoadsorbent system

Phase 3 goal for this system:

System/material form: powder/compacted? Flow-through/MATI?
I N

[
[

I N

Operational eycle

Transient response.

Fuel purity (SAE

Gravimen Volumeti Ambient  Min/max deli in el Max dely Onboard  Wellto pow Starttime tofull  Star time to ull Permeation &
Target e e System cost Fuel cost mblen n/max delivery e (1/a ankro noeen ex dellvery oo ClliOPOVEr  systemfillrate  Min full flow rate ey e oM (iox-sok gk sz7osisojpors  TEITeON Toxicity safety Loss of usable H,
capadity capacity. temperature temperature full) pressure toFC  pressure to FC efficiency plant efficiency flow (20°C) flow (-20°C) & = akage
Unit wtd gH/L $/kWh net $/gge at pump °c °c cycles bar (abs) bar (abs) % % kg-Hy/min (g/s)/kw s B s %H, Scch/h - - (g/h)/kg-H2 stored
2017 55 40 26 -40- 60 (sun) -40/85 1500 5 12 15 0.02 5 15 075 99.97 See note. See note See note. 0.05
Uttimate. 7.5 70 23 -40- 60 (sun) -40/85 1500 3 1 90 60 2 002 5 15 075 99,97 See note Seenote  ©  Seenote 0.05
Indirect via Indirect via Indirect via Indirect via Indirect via
i eh Naybe
PGSR g modeling modeling modeling modeling modeling
PEEiCED castellae] Will measure H2  Stress models ) Determine el Design should be.
instrumented 80P willbeknown. e ol Verifypressure  work/heat input to Detailed model can measurementof  Consider for Phase = I ——
list; Separate lists of  Production system . W i regulation to 12 bar release H2 and estimate what flow Modeling; Modeling: Modeling: Hardy; H2purityfrom  2at JPLwith B ¢
beestimatedby  Testwillbest temperatwre  materialcyding  Testboth 3and S Modeling: Experiments: procedures should. Phase 3uill
What is the test or model approach? costs at 500K functions over warm system to rates / sorbent/  Tamburello & Tamburello & Experiments: storage tankvia  composite tank. Dust cloud ignition
Paster and P bar. Thornton, Hardy Chahine be vetted in require a MLVl and
and hardware adds weights) unisfyearwilbe T o [ ey specified operating specified final inimum Harcy, Pasini Chahine mass specorRGA.  Reiter and i it
tosystem;What we estimated by e st | o conditions. temperature temperature and Done at beginning Simmons e
HSECOE and DTI i & Modeing: what pressure? of tests and P
Usable capacity. Fatigue behavior.
Include Sbar &3 T— Structure of tank Time to complete . I remperature of
bar operating Amount of IN2and intemals o fillas afuncion of Time to achieve Transportof H2 /A, BASF and/or
What exactly should be measured in lab scale system to External H2outlet ata function of ata function of Costand energy function of state of Time toachieve  full flow. Consider desorbed gas using. Meets appicable  tank vstime.
y pressure astest  Usable capacity H2 consumed before/after tank to induce H2 "B tank starting b " desired response through liner. UTRC will conduct
thistest toverify the taget or model? : actual costof b temperature temperature ° charge state and  charge state and inputs during efil charge and "drive. fulllow oc ety standards  Vacuum levelin
matrixand see s uringrefll cyclng. Gargesatemnd Qe sae i release temperatureand  C/ e st iy Other? dust doud tests? Fer
effecton 2 (tomography?). H2 ‘ e stateofcharge " g .
sravimetric puritybefore/after
43-System il |43-System il
i Test, 45vstem Delivery
Test Test 43ystemFill Test; 45 Systemstart.
Ereferst Sytem cost WIWEffc dnsertmodel  |<nsertmodel  CydeTests Testand 465yste a65yst Permeation T
ersto 4.4-system 4.4-System U L AU 4.4System Delivery 4.4 System Delivery 4.4 System Delivery 4.3 System Fill test; E: Chahine, M: estan ystem 4.5-System start-  up test; M: ey ermeation Tes Dust cloud test; E:  Safety Protocols; E: Insulation Test; E:
What is the reference test or model nar experiments; 'M' Projections M: Projections. name> M: name> M: Chahine and Dynamic Test; DynamicTest; E:  Veenstra, Siegel,  Reitherand i
Delivery Test & |DeliveryTest £ 10) TestE:Chahine  Test;E:Chaine  Test;E:Chahine M Thomton, Hardy Harcly & " up test;: Chahine Tamburello and Khalil and/or BASF Chahine Reiter
refers to models Weimar & Veenstra Thornton Tamburello Tamburello pasini, Tamburello, Chahine and Chahine  Simmons
Chahine : Chahine Tamburello 1ol IR Hardy
Tamburello Tamburello y;: Chahine
Yes. Sclingfor  Yes. Models should Possibly.Should
Does the testnvolve possible scaling? highervolume  scale toaccount for detemine how il ves, examine
(Wil the system size be varied in No. Only one size |No. Only one size  volume economies of scale No. Only one size |No.Only one size | No.Only one size |No. Only onessize | No. Only onesize |No.Onlyonesize |No.Onlyonesize timevarieswith  No.Onlyonesize |No.Onlyonesize |No.Onlyonesize No.Only one size N/A Consider for Phase N/A NA diﬂ’eremzmmmts
Phase 3to examine finite-size ‘will be tested will be tested manufacturing will (large numberof  will be tested will be tested ‘will be tested will be tested ‘will be tested will be tested will be tested state of charge and | will be tested will be tested will be tested will be tested 2atPL of insulation
effects?) beincludedinthe vehicles and initital
analysis fueling sations) temperature
Yes. Need to Yes. Need to Yes. Need to
quanti quantify quantify tradeoff
- between finite-
(Sheuld fodaline e s e Yes Yes No No No No No Yes No PRSI o No No Yes No No No No Yes
determine the size of the system or size of system size of system size of system
magnitude of effect to be tested?) i which can which can
realistically be.
tested. tested. tested.
Unlikely that Cycle testis limited
. . Test g should b
Isthere s contrais o st st e et |see heatingorcling ytmeto Note imtatonsan e Avabityof iy
up (e test faclty limits, mterials N/A N/A Chahine No No No /A UaTR cooling rate  N/A No? Chahine  IN/A Chahine eiter /A Chahine isaconcemn. PLto
below below sampling of H2
availability, etc) ? of compressed H2 purit address
be possible. (H2,N2) v

HSECoE
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ccomplishment

System Test Matrixes

Gravimetric

Target

capacity

Unit wt%

Volumetric

capacity

g-H,/L

System cost

S/kWh net

Fuel cost

$/gge at pump

Ambient
temperature

°C

Phase 3 ideas for testing specific

Phase 3 goal for this system:

System/material form: powder/compactes
I

2017
Ultimate

5.5
7.5

40
70

2-6
2-3

-40 - 60 (sun)
-40- 60 (sun)

—
LEIE:: capacity capacity Temperature | temperature full) Pressure o FC | pressure toFC efficency | plantefficency Tlow (20°0) Tlow (:20°0) - — Teakage.
Unit wisk EHL Shwhnet  $/gge atpump i © cycles bar (abs) bar (abs) % % Kg-Hy/min (/)W s s s %6ty Scch/h 5 s (/1) H2 stored
2017 55 ) 26 ~40-60(sun) 20785 150 5 ) 15 002 5 5 075 %57 Seenote Seenote Seenote 005
Uttimate 75 70 2.3 -40- 60 (sun) -40/85 1500 3 12 0 60 2 002 5 15 075 99.97 See note See note Seenote 005
Indirectvia Indirectvia Indirectvia Indirect via Indirect via
will hi 3 Maybe
RS & modeling modeling modeling modeling modeling
[Actual weights el e Will measure H2  Stress models § Determine e Design should be
instrumented BOP wilbeknown, e e e Verifypressure | work/heatinputto Detailed model can measurementof  Consider for Phase e amaventig. |ciartty whether
list; separtelistsof  productionsystem 28 BELENL o Testboth3angs  TeEUIation o 2bar release H2and | estimate what flow Madeling: . . Modeling: Modeling: Hardy;  H2purityfrom  2at PLwith oot [cpom i
Whats the test or model approach? costs at 00K & G functions over  warm system to & rates /sorbent/  Tamburello & ” Tamburello&  Experiments:  storagetankvia  compositetank.  Dustcloud ignition ©
Paster and P Thornton, Hardy hahine bevettedin  require a MLV and
and hardware adds weighs) unisfyearwilbe T o [ ey specified operating specified fnal minimum Hardy, Pasini Hardy Chahine mass specorRGA.  Reiter an oo e
tosystem;What we estimated by ettt | coapoiaion temperature. temperature and Done at beginning  Simmons e
HSECoE and DTI 5 & Modeing: what pressure? of tests and P
Usable capacity. Fatigue behavior.
Include 5bar &3 N Structure of tank Time to complete onar remperature of
bar operating \mount of LN2and internals fill a3 function of Time to achieve. Transportof H2  N/A. BASF andfor P
What exactly should be measured in Iab scale system to External H2outlet atafunctionof  atafunction of Costand energy function of state of Time toachieve  fullflow. Consider desorbed gas using Meets appicable  tankvs time.
# pressure astest  Usable capacity H2 consumed before/after tank to induce H2 i tank starting .‘ . desired response throughliner.  UTRCwill onduct .
this testto verify the target or model? i actual costof lab temperature  temperature © charge stateand  charge state and inputs during refill charge and "drive  fullflow 0c ety standards  Vacuum level in
matrix and se 2cual oS oM duringrefil cyding. e e release temperatureand  C/ e PO 2C inflowrate iy Other? dust loud tests? e
effecton v (tomography?). H2 ® T stateof charge g Jacket
gravimetric purity before/after
43-System Fill (43 System Fil
i
s el e SemCost WIWfeney  <msertmodel | dmsermodel e Teti: AasrtamilTes 4SSt |y (oem Ry TestE permestonTest
44-system 44-system o =7 s 75 4aSystem Delivery 4.4System Delivery 4.4 System Delivery 43 System Fill test; E: Chahine, M SSYSEM 45 System start-  up test; M < : " bustcloud test;E:  Safety Protocols; £ Insulation Test;
What s the reference test or model nar experimens; Projections M:  ProjectionsM:  name> M ame> M Chahine and Dynamic Test; M: DynamicTest;E:  Veenstra,Siegel,  Reitherand .
DeliveryTest E: | Delivery Test E: Test;E:Chahine  Test;E: Chahine  Test; ExChahine  M: Thomnton, Hardy ardy & " uptest; £ Chahine Tamburello and Khall and/or BASF  Chahine
refers to models Weimar & Veenstra Thornton Tamburello Tamburello Simmons Pasini, Tamburello, Chahine and Chahine  Simmons
hine M Chahine M Tamburello s IO
Tamburello Tamburello EEISTD
Yes.Scaling for  Yes. Models should Posibly. Should
Doesthe testinvolve possible scaling? highervolume  scale to account for detemine how il ves, exarmine
(Will the system size be varied in No. Only onesize |No. Onlyone size  volume ceonormies of scale No. rly oné size | No.Orlyane size | No.Onlyone size | No.Onlyane size | No.Onlyonesie |No. Only onesize | No. Orly onesize time varieswith | No.Onlyone size | No.Onlyane size | No.Onlyonesize  No. Onlyonesize | Considerforphase i [
Phase 310 examine finte-size willbetested |willbetested  manufacturingwill (large numberof  willbetested |willbetested |willbetested will betested | willbetested |willbetested |willbetested stateofchargeand will betested willbetested |wilbetested will be tested 2aupL [
effects?) beindudedinthe vehicles and initital
analysis fueling stations) temperature
Yes.Needto [Yes.Needto Yes. Need to
quanti quantify quantify tradeaff
g - between finite-
kel Lottt Yes Yes No. No No. No No. Yes No. size effects and the . No No. Yes No. No No. No Yes
determine the size of the system or size of system size of system size of system
magnitude of effect to be tested?) hich can which can which can
realistically be
tested. tested. tested.
Unlikely that Cyele testis limited
’ Test rig should be.
s there any contraints to the test st i heating or cooling by time to Note limitations on t Availability of MLVI
See UQTRIimits See UQTR imit designed to enabl
up (.. testfacltylimits, materials ee UQTRlimits —|See UTRIimits /A Chahine No No No N/A QTR coolingrate /A No? Chahine /A Chahine esignedtoenable ;. N/A Chahine isa concer. JPLto
below below sampling of H2
availabiity, etc) P of compressed H2 e address
be possible. (H2,N2) i

HSECoE
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ccomplishment

System Test Matrixes

Target

Unit

Gravimetric
capacity

wit%

Volumetric
capacity

g-H,/L

System cost

S/kWh net

Fuel cost

$/gge at pump

Ambient
temperature

°C

Phase 3 ideas for testing specific
Phase 3 goal for this system:
System/material form: powder/compactet

2017
Ultimate

Ll

5.5
7.5

40
70

2-6
2-3

-40 - 60 (sun)
—4Q— 60 (,sun) \

Will this target be tested?

What is the test or model approach?

What exactly should be measured in
this test to verify the target or model?

T ressure F ffici )l flow (- I -
‘temperature temperature full) pressure toFC  pressure to FC efficiency. plantef flow (20°C) low (-20°C) %) 1687 leakage [}
e at pump °c “c cycles bar (abs) bar (abs) % % kg-Hy/min (g/s)/kw s s s %4, Scch/h - - (&/h)/kg-H2 stored
26 -40- 60 (sun) -40/85 1500 5 12 15 0.02 5 15 075 99.97 See note. See note See note. 0.05
2.3 -40- 60 (sun) -40/85 1500 3 12 %0 ] 2 002 5 15 075 99.97 See note See note Seenote 005
Indirectvia Indirectvia Indirectvia Indirect via Indirect via
modeling modeling modeling modeling modeling
Determine Direct
Will measure H2  Stress models Design should be
- e lASe Limited Verify pressure  work/heat input to Detailed model can measurementof  Consider for Phase el -
B eccwiibest | P Testboth3angs  "CBUBtioNto12bar release Haand | estimate what flow Modeling: . N Modeling: Modeling: Hardy;  H2purityfrom  2at JPLwith ree ot P st
4 a GEID functions over 'm system to & rates / sorbent/ Tamburello & P Tamburello & Experiments: storage tankvia  composite tank. Dust cloud ignition i
nd room temperature test (possibly 500 bar. ‘Thornton, Hardy hahine be vetted in require a MLVl and
P [N e specified operating specified final minimum Hardy, Pasini Hardy Chahine mass specorRGA.  Reiter an o s
sepernioJURS o) conditons. temperaure temperature ang Done stbegining Simmons darceior
| & & Modeing: ‘what pressure? of tests and B
Fatigue behavior.
Structure of tank Time to complete
H2outlet flow as.a Time to achieve Composition of Temperature of
of IN2and internals o fill a3 function of Time toachieve " Transportof H2  N/A. BASF andfor P
External H2 outlet ata function of ata function of Costand energy function of state of Time toachieve  full flow. Consider desorbed gas using. Meets appicable  tank vs time.
= temperature temperature pefocs/rie charge stateand  charge state and iznkio b i inputs during refill [ELETn charge and "drive  full flow irapolzing 20 CH|-Coca Espanse iouel e UTRC will conduct safety standards  Vacuum level in
refill la & eycling. Gt detamer . felease ” B temperatureand 2" s in flow rate ey Other? dust cloud tests? K
(tomography?). H2 E = stateof charge Lo
A purity before/after
4.4system Delivery
43System Fill Test; 45 Systemstart-
fic <nsertmodel |<insertmodel  Cycle Tests;E: Testand 4.6 Syster 465ystem H2PurityTest:E:  Permeation Test: &
i . Chatine g aSystem Delvery 445ystem Delivery 4.4System Delivry 4.3 System illest; E:Chahine, M =2 S MEE™ a5 ystem sart - up test; M Drerestt. veonarn Sesel,  emerana 1 Dustdoud est £ Safety rotocals £ nsulaton Test;
4 o e el T GHEGTI T (e e oo Tamburelo, UPtest EiChahine. Tamburelloand 2170 e el e Khaliland/or BASF _Chahine
Hardy; E: Chahine
Possibly. Should
detemine how il ves, axarmine
lies of scale |No. Only one size  |No. Only one size | No. Only onesize |No.Only onesize  No.Onlyonesize |No.Onlyonesize |No.Onlyonesize time varieswith  No.Onlyonesize No.Onlyonesize No.Onlyonesize |No.Onlyone size N/A Consider for Phase N/A NA mﬂ'ﬂmnmm‘"u
umberof |willbetested |willbetested | willbetested |willbetested willbetested |willbetested |willbetested  stateof chargeand will betested willbetested |willbetested will be tested 2atipL e
and initital
stations) temperature
1 Yes. Need to
quantify tradeoff
b | between finite-
No No No No No Yes No e ae Yes No No Yes No No No No Yes
size of system
which can
realistically be.
| tested.
Unlikely that Cycletestis limited
ig shoul
heating or cooling bytime to Note limitations on E:Sf o t‘:‘t" ”; Availability of MLV
Chahine No No No N/A QTR coolingrate  N/A No? Chahine  N/A Chahine Reiter N/A Chahine isa concen. JPLto
sampling of H2
P of compressed H2 ? address
be possible. (H2,N2) i
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Accomplishment

System Test Matrixes

Gravimetric Volumetric Ambient
Target . : System cost Fuel cost
capacity capacity temperature
Unit wt% g-H,/L S/kWh net $/gge at pump °C

e 2017 55 40 2-6 -40- 60 (sun)
‘m/ /—mj Ultimate 7.5 70 2-3 -40 - 60 (sun)
Will this target be tested? Maybe Ind|rect' Ve

modeling

What is the test or model approach?

What exactly should be measured in

this test to verify the target or model?

/‘ﬁ
@} VLR,

Actual weights

instrumented BOP

list;

Instrumentation

and hardware adds Separate lists of
to system;What we volumes (as for
could build today; weights)
Alternate list of

what it could be.;

actual capacity of

 system

Usable capacity.
Include 5bar & 3
bar operating
pressure as test
matrix and see
effecton
gravimetric
capacity.

Usable capacity

Cost of lab system
will be known.
Production system
costs at 500K
units/year will be
estimated by
HSECoE and DTI

Cost to refuel will
be estimated by
Paster and
Thornton

Test will be at

Estaimated costs of

Amount of LN2 and

lab scale system to External
H2 consumed

actual cost of lab . . temperature
during refill

scale system

room temperature
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Accomplishment

System Component Specification

Component

Assumed Validation in
Phase

Responsible
Design
Organization

What can be validated
with modeling rather

than experimental work?

Rationale for
including/excluding from
Phase Il

Areas of Concern
Requiring Testing

Limitations on Scaling

Internal Heat
Exchanger:

Modeling and partial
experimental validation

1*-order thermal behavior

Simple, low-cost design;
Verify capability for rapid
cooling: dynamic behavior

Cool-down time; non-
uniform temperature
distribution; robustness
of HX with respect to

robustness of design

HexCell Resistance SRNL / UQTR N/A Yes
p—— of individual /e (already completed). (such as channeling) can temperature/pressure /
Through Coolin components/capabilities only be evaluated cycling; efficiency
g 8 experimentally (energy consumed
during fill)
Integral part of system;
validate capacit
Cryo-Adsorbent . X e o y‘ Packing density, heat
X Modeling and SRNL /UQTR / Theoretical H2 uptake; projections; Quantify ]
Material: i - A transfer, and adsorption N/A Yes
experimental validation Ford (BASF) heat transfer (partial) effects due to bed i
Powder MOF-5 r - capacity
inhomogeneities (non-
uniform packing)
[ R—— Modeling only; Constant Validate system thermal
P 7 wall temperature PNNL / Lincoln | 1*-order thermal behavior models; Phase-change Choked flow due to LN2 | Channel cross-section must Vs
"Thermos'BottIe" models to show the Composites can be modeled within the channel must be phase change remain intact 3 Y
need/benefit evaluated experimentally
Internal Heat Modeling and partial Quantify advantages in Welds, cycling, and
Exchanger: MATI experimental validation - . cooling rate and system verification of
1 . 1"-order thermal behavior ! | . . i
with Isolated-H2 of individual osu A S — volume; Verify rapid adsorption/desorption N/A Yes — partially
verified.
Heating and Isolated- | components/capabilities Y cooling capability and behavior, design
LN2 Cooling desorption performance complexity/robustness
Integral part of system;
Cryo-Adsorbent
v . Modeling and partial . validate capacity and Cracking/crumbling,
by i idati O TheoiStical H2 uiil<: kinetic projections; Assess heat transfer, and N/A Yes — partiall
Compacted MOF-5 experimental validation (BASF) heat transfer (partial) proj ] ey p y
“pucks” (0.32 g/cc) robustness and heat adsorbent behavior
2 St transfer limitations
Type 1 Aluminum Design and partial Integral part of system;
- experimental validation LC Mass, volume, and cost validate capacity Cryo-burst testing N/A Yes
% projections
Multi-layer vacuum Mo Partial dormanc Vallgiiedomianeygadel; No supplier (JPL work
1 .y rate/dormancy JPL / vacuum level stability; AP i N/A No
insulation performance performance scope reduction)

HSECoE
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Accomplishment

System Component Specification

Responsible What can be validated

Assumed Validation in . . ]
Component oh I Design with modeling rather
ase

Organization than experimental work?

T )l G IR - o experimental validation SRNL/ UQTR 1*-order thermal behavior | cooling: dynamic behavior of HX with respect to N/A v
exCell Resistance es
P ith I of individual (already completed). (such as channeling) can temperature/pressure
eater wi ow-
m h Cooli components/capabilities only be evaluated cycling; efficiency
rou oolin
g 3 experimentally (energy consumed
during fill)
Integral part of system;
Cryo-Adsorbent : . v?lidéte capacity‘ Packing density, heat
- Modeling and SRNL / UQTR / Theoretical H2 uptake; projections; Quantify 4 " d ad . N/A “
aterial: ransfer, and adsorption es
experimental validation Ford (BASF) heat transfer (partial) effects due to bed i 2
Powder MOF-5 4 - capacity
inhomogeneities (non-
uniform packing)
[ R—— Modeling only; Constant Validate system thermal
nter-Wa
pre-chill 2 wall temperature PNNL / Lincoln | 1*-order thermal behavior models; Phase-change Choked flow due to LN2 | Channel cross-section must - iall
re-chiller: es — partia
“Th Ea., models to show the Composites can be modeled within the channel must be phase change remain intact 3 Y
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Accomplishment

System Component Specification
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Assumed Validation in

Component
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Modeling and partial
experimental validation
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Phase Il
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than experimental work?
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aterial: 0OSU / Ford Theoretical H2 uptake; F S .
Compacted MOF-5 experimental validation (BASF) heat transfer partial) kinetic projections; Assess heat transfer, an'd N/A Yes — partially
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projections
Multi-layer vacuum M?:::/f;go?:;iitmg Partial dormancy Vallgiiedomianeygadel; No supplier (JPL work
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Accomplishment
System Component Specification

What can be validated
with modeling rather

N Responsible
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Material:
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experimental validation Ford (BASF) heat transfer (partial)

uniform packing)

Type 1 Aluminum Design and partial Integr‘le part of syétem; '
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Future Work

Adsorbent System Phase 3 Proposal

Heat Exchange Systems Containment Test Facilities qa
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Future Work

Chemical System Phase 3 Proposal

Materials

(1) HSECoE
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Future Work

Phase 3 Approach

 Design subscale prototype systems

« Synthesize materials

« Complete test facilities

 Acquire BoP components

« Fabricate/assemble prototype system

- 8 Evaluate prototype under static conditions assessing performance
against targets

» § Compare to and refine models

» ¢ Modify test apparatus/prototype
 Post updated models on WEB

« Decommission prototypes as necessary
 Write Final Report

@ HSECoE
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Future Work

Phase 3 Gantt Chart

WHS | Task Mame Resource Mames Duration Start Finizh 014 2015
Gtr 2 Gtr 3 Qtr 4 atr1 [ otrz [ ctr3 [ otr4 atr1 [ ctr2
31 Design subscale prototype systems 66 days Mon TAA3 | Mon 930413
314 Adszorbert SRMLAOSU 66 days Mon 7AMS | Mon 99303
312 Chemical LARLPRML BE days Mon FAMS ) Mon 9930M3
3.2 Synthesize Modify Materials 326 days Mon 7113 Mon %2514
321 Adzorhert FMC 111 days Mon 7HMAS 0 Mon 9529014 S e
322 Chemical PrML 111 days Mon FHMAS 0 Mo 9r22m4 T, -
3.3 Complete test facilities 196 days Mon 7443 | Mon 3731414
331 Adzorbent UaTRios 196 days Mon FAMS ) Mon 393114
332 Chemical lanl 196 days Mon 7HMM3 0 Mon 3521014
34 Acquire BoP/System Components 60 days  Wed 100913 Tue 12/3113
3441 Adszorbert UQTRADSLC G0 days | Wed 108M3 Tue 123 A3
342 Chemical LAMLATRC B0 days | Wed 10813 Tue 1243 A3
35 Fabricate/assemble prototype system 64 days Wed 1114 Mon 373114
351 Adzorbent UaTRIOSL 64 days Wizd 1M M4 Mon 33114
352 Chemical LAMLATRC 64 days Wizd 1M M4 Mon 33114
3.6 Evaluate prototype & assess performance 197 days Tue 4114 Wed 12/3114
361 Adsorbent LTRSS 197 days Tue 4114 | Wed 1203114
362 Chemical lanl 197 days Tue 41114 Wed 12031014
37 Compare to and refine models 197 days Wed 4214 Thu 11415
374 Adszorbert SRMLAOSU 187 days Wiz 4021 4 Thu1HAS
372 Chemical PRRL 197 day=s Wiz 40214 Thu1M A5
38 Modify test apparatus prototype 197 days Tue #1414 Wed 12/31114
381 Adsorbert SRMLAGTRIOSL 197 days Tue 41 M4 Wed 1203114
382 Chemical lanl 197 days Tue 4114 Wed 1203114
3.9 Post updated models on WEB SRMLAUTRC/PNMLMREL 20 days Thu 1M S Wed 102815
310 Decommission prototypes as necessary M days Thu 1145 Wed 272515
3101 Adzorbent UaTRios 40 days Thu 1HMS | Wed 202515
3102 Chemical lanl 40 days Thu1HHS | Wed 202515
1 Performance/Cost Model Updates 164 days ? Fri 51614 Wed 12/31114
3111 Adszorbert MREL PMML UTRC FMC 164 days? FrisMBM4 | Wed 12031014
312 Chemical MREL PHML FMC UTRC 164 days? FrisMBM4 | Wed 12031014
312 Maaterials® Requirements Refinement 198 days?  Mon 373114 Wed 123114
3121 Adzorbent FMCISRML 1958 days? | Mon 334 Wed 1203101 4
3122 Chemical LARLIPRML 1958 days? | Mon 33114 Wed 1203114
313 Project Management 457 days Mon 7113 Tue 373115
3134 Certer SRML 457 days Mon 7HAS Tue 353115
3132 Adsorbert Lk 457 days Mon 7TH M3 Tue 35231015
3133 Chemical lanl 437 days Mon 7TH M3 Tue 353113
314  Write Final Report Al GE days Thu 1M M5 Thu 41215

1) HSEGoE
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Future Work

Preliminary vs. Demonstrated Spider Chart

Why Phase 3 demonstration is critical in model validation
Chemical Hydrogen Storage System (2012)

Gravimetric Density

Start Time to Full Flow (20°C)  100%

Fill Time {Skg H2)

Min. Delivery Temp.
Max Delivery Temp.

Start Time to Full Flow [-20°C) Min. Delivery Pressure

Transient Response Max, Operating Temp.

Fuel Purity Min. Operating Temp.

-_F_‘_____-—"’—‘f—-)-

Wells-to-Power Plant Efficency Max, Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost
Cycle Life (1/4 - full)

System Cost

Onboard Efficiency
Volumetric Density

@ HSECOE o



Future Work

Preliminary vs. Demonstrated Spider Chart

Why Phase 3 demonstration is critical in model validation
Chemical Hydrogen Storage System (2012)

Gravimetric Density

Start Time to Full Flow (20°C)  100%—1——_ Min, Delivery Temp.

Fill Time {Skg H2) Max Delivery Temp.

Start Time to Full Flow (-20°C), Min, Delivery Pressure

Max. Operating Temp.

Fuel Purity | Min. Operating Temp.

1 'I 1
\ 1 | -
| | y

| \
I/

1 ' 4

/7
/

Loss of Useable H2

Wells-to-Power Plant Efficency Max, Delivery Pressure

Min. Full Flow Rate

Fuel Cost

Cycle Life (1/4-full) 11— Onboard Efficiency
Volumetric Density

(F) HSECoE “
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Technology Readiness Levels

Materials Based Hydrogen Storage Systems
for Automotive Applications

Materials
CoEs HSECoE

TRL 2 TRL 3 TRL 4 TRL 7 TRL 8

Basic Technology Research to Tecl nology Technology System System

Research Prove Deve opment Demonstration Commissioning Operation
Feasibility

Basic Principals Concept Characteristic Proof System System Validation Pilot Scale System Full Scale Actual System Actual System
Formulation of Concept Validation in in Relevant Validation System Qualification Operation
Laboratory Environment Validation

Environment

Q HSECOE



Summary

 Adsorption Systems

* Limited in volumetric density and
dormancy at ~77K due to materials

* Temperature assisted PSA using a Type

| tank at 60 bar is proposed for subscale
prototype demonstration.

« Chemical Systems

* Limited in gravimetric density and
efficiency due to materials.

* Liquid/Slurry flow through reactors with
GLS and purification is proposed for
subscale prototype demonstration.

 Phase 3 Go/NoGo meetings held with
DoE with results forthcoming.

(1) HSECoE

Adsorbent System

Gravimetric Density
Start Time to Full Flow (20°C)  100% Min. Delivery Temp.

Fill Time (Skg H2) Max Delivery Temp.

Start Time to Full Flow (-20°C) Min. Delivery Pressure

Transient Response Max. Operating Temp.

Fuel Purity Min. Operating Temp.

Wells-to-Power Plant Efficency <l Max. Delivery Pressure

y
Loss of Useable H2 © Min. Full Flow Rate

Fuel Cost <

Cycle Life (1/4 - full)

Volumetric Density

Chemical System

Gravimetric Density

Start Time to Full Flow (20°C)  100% Min. Delivery Temp.

Fill Time (Skg H2) Max Delivery Temp.

Start Time to Full Flow (-20°C) Min. Delivery Pressure

Max, Operating Temp.

Fuel Purity Min. Operating Temp.

Wells-ta-Power Plant Efficency tel Manx. Delivery Pressure

Loss of Useable H2 Min. Full Flow Rate

Fuel Cost System Cost

Cycle Life (1/4 - full) Onboard Efficiency

Volumetric Density
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Integrated Model Framework
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Integrated Model Framework
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