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‘Overview

Timeline Barriers
+ Project Start: February 2009 * AllDOE System Targets®
. PI’Oj ect End: June 2014 *http://www1.eere.energy.gov/hydrogenandfuelcelIs/storage/pdf

s/targets_onboard_hydro_storage.pdf

 Percent Complete: 55%
Partners

* Project Lead: Ford
* Subcontractors: BASF and U. Michigan
* Center Partners:

Budget
» Total Project Funding:

— DOE Share: $2,140K
— Contractor Share: $643k ~ @E>SRNL \Zf/ [l gms«u

+ Funding for FY11: $240K 3 ofmE S % Aammes
* Funding for FY12: $400K £ Ut oo *E:E'N?E'- m oL A
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Relevance: Technical

Three Technical Tasks Contribute to the Overall HSECoE Mission

Task 1: Develop dynamic vehicle parameter model that interfaces with diverse storage
system concepts «ZZ»

Task 2: Development of robust cost projections for storage system concepts  &=»

Task 3: Devise and develop system-focused strategies for processmg and packing
framework-based sorbent hydrogen storage media «z2» |-

llllllll

Materials Properties ehicle Vehicle Viability

Task 3 data supports the creation Viability Tasks 1 & 2 models support
of sorbent bed models & aids in _ determination of overall vehicle cost
tradeoffs analyses System Modeling & and performance

Development

Bed Modeling Thermal Management & Bed System Modeling
Task 3 data supports the Modeling Tasks 1 & 2 models enable storage

validation of sorbent bed and concepts to be exercised at the
system models real-world vehicle level
y Materials Properties & Compaction

@ HSECoE 2012 DOE Annual Merit Review Meeting 3




‘Relevance: Organizational

Ford has many roles and responsibilities within the HSECoE

at both the executive and working levels.

Key organizational functions:

o As technical contributors,
disseminate data & models
across the HSECoE

o As team leads, foster inter-
partner communication &
streamline & align research

o Act as liaisons between the
HSECoE and the C&S and
Storage Tech. Teams

o Provide an automotive
perspective & context

é DoE Program

Management

N. Stetson

e

Center Coordinating Council

~

D. Anton, Center Director

T. Motyka, Assistant Dire etor

—

Technology Area Leads
D. Kumar, GM Performance GCosi &
M. Veenstra, Ford Energy Analysis
R

System Architects

T. Motyka

J. Adams
\ F. Bowrnan

( DOE Program Liaisons \

Independent Projecis
T. Motyka

Matferials Operafing

Requirements

J. Holladay

Transport Phenomena

T. Semelsberger

Infegrated Storage
SystemyPower Plant Ifodeling

| Don Siegel |

B. Wan Hassel

Enabliing Technoiogies

\

Lead sorbent
WStem architect

J. Reiter

Subscale Profofype

Consfruction, Testing, &
Evaluation

T Semelkherger

ycdride Re activify Working Group
J. Kahlil

\_ J
 Gondd 2

d

Leads sorbent MOR
team

Leads powerplant
modeling team

» Core contribution areas of project outcomes [red]
* Ancillary contribution areas of project outcomes [green]
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‘Approach: Identify Material Performance Gaps

Vehicle Attributes  System Attributes Sorbent Materials Properties

Driving Range Gravimetric Capacity Y e Surface Area v
* |sotherm Parameters
Cabin/cargo space Volumetric Capacity

Bulk Density v
\_Hydrogen Uptake Rate

* Pore Volume v

B & Efficiency * Reaction (binding) energy
* Kinetics
. Hydrogen Release
Lol Rate & Efficiency * Permeability
Durabilit Cycle Life & Useable * Particle Size
y Capacity « Thermal Conductivity
o Safety Codes &  Crush Strength
y Standards » Hazard Class

T ‘ e P Cost (process, raw materials)
v/ = Data typically available in
literature for sorbents

@ HSECoE 2012 DOE Annual Merit Review Meeting 5



Approach: Develop Processing-Structure-Property "-
‘Relationships

Sorbent Materials Objective: Devise optimized, system-focused strategies for packing and
processing of sorbent hydrogen storage media via determination of processing-structure-
properties relationships.

Synthesis of sorbents
on kg scale

~ Properties
s Thermo physical Data Material Processing,

= = Optimization & Compaction

Determination of “Engineering”

1 et Data i j ”“ ‘ 3 3 s & Processing-Property
J L :[‘ || b a1, | - - | Relationship
E' ' . _l . e s i 2 | 3 _“{
= M ST
MOF-5 L ‘%'l[{r
=L —— R
EENEEEEREN
3 LERLLLLLTLT
Time (hours)

Sorbent MOR critically supports the system- System Prototype

level assessment and feasibility of sorbent Go/No-Go

— Optimized FM
Material Form

/\
\[ﬁD\ HSECoE 2012 DOE Annual Merit Review Meeting 6
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Approach: Focus on the Critical Technical
‘Challenges for the MOF-5 system

*  Modeling data (SRNL, GM) for projected powder MOF-5 system
reveals two primary material property gaps:

1. Volumetric Capacity

Strategy: Material densification from 0.13 g/cc w/ENG  w/o ENG
(tapped density) to 0.3 to 0.5 g/cc. / K_ \
[Note: Single crystal density is 0.6 g/cc] 9 @ e
2. Thermal Conductivity ' Ll
Strategy: Addition of thermal conductivity aid,
expanded natural graphite (ENG), up to 10 wt.% loading.

How (and to what extent) does materials compaction and/or addition of thermal
conductivity aids impact other properties, for example, surface area, operation
conditions (temperature/pressure swings), gas permeability, mechanical
strength, etc.?

@ HSECoE 2012 DOE Annual Merit Review Meeting 7



Progress: MOF-5 Material Characterization

» Diverse engineering property data for MOF-5 complete (see below)
- Similar engineering property data for activated carbon is limited due to current
densification challenges (i.e. compaction process conditions & binder quantities)

Focus Q1 CY2012 Focus CY2011

B otal o
: oo 1D " ‘ dermeability ; i ":' ._ ’ Conta ace opore oo D °
asistance  Are olume
MOF-5 |Powder| None omplet N/A N/A Complet Complete] Complete N/A omplete
MOF-5 |Medium| None omplete /In Progress | Complete |Complet Complete] Complete ompletedIn Progress
MOF-5 |Medium| Medium omplet omplete | Complet Complete] Complete omplet
MOF-5 |Medium| High omplet omplete | Complet Complete] Complete omplet
MOF-5 | High None omplet omplete | Complet Complete] Complete ompletesin Progress
MOF-5 | High | Medium omplet omplete |Complet Complete] Complete omplet
MOF-5 | High High Complete] Complete

Notes:

» Bulk Density: High = 0.5 g/cc, Medium = 0.3 g/cc

 TC Enhancer: High = 10 wt% ENG, Medium = 5 wt% ENG

 D-A Parameters: Based on at least 3 isotherms including 77, 200, and 298 K
« Thermal Conductivity: 25 to 65°C data [Ford] and select data to -270°C [GM]
* Permeability: Initially limited to room-temperature and He gas.

@ HSECoE 2012 DOE Annual Merit Review Meeting 8
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W
MICHI
YV
\ /

. /j
Progress: Mechanical Strength Data for MOF-5 ivi
2.0
18] m Neat MOF-5 M0 ¢ Neat $
.8 MOF-5+1% ENG
] 7 MoF.s+s% Enc 120 - W+5wt% ENG I
1.64 v MOF-5+10%ENG A+10wt% ENG ;
i 1. —— Fit of neat MOF-5 = 100 1
E 1.4- = %
2 1.2 - S 8
= \ p 4 L
% 1.0—_ / = 60
0 0.8- &
. yZ 40 n
0.6 - /0.4- /
- Jy{ 20 <
0.4 - O
02l /00 H H b5 0 LN . . .
0 50 100 150 200 250 300 350 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Applied Pressure (MPa) Compact Density (g/cc)

Applied pressure verses density curves for all MOF-5/ENG composites have
been generated.

Mechanical strength of compacts with and without ENG have been
quantified and, in general, are not statistically different.
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Progress: Excess Gravimetric Hydrogen Uptake
‘for MOF-5 Compacts LY.

r———————————— P
6F s | 77 K
'E_, - . _S_ 5l
w 5: . x|
@ | ] | 241 Estimate Error Units
D4l 101 K =Rl - 1
= E L Nmax 12046 5-95 le kg
2.l 116K K £ af a |2181.5 44.1  J mol-!
gt 136 K 5 | A |21.1 0.7 J mol-lg?
< 5l ﬁ 2t pe |21637.1 3431.4 bar ]
ﬂ [ Y w [ 3k 1 200 K
g : < 200 K 2 1 va |0.0021  0.00007 m’kg
1 i 295 K g 1 295K ]
- - Ll L
ﬂ: __-'-"'. 0 O L i i 1 n: = 5 N . -
0 20 40 60 80 100 0 20 40 B0 80 100
Pressure (bar) Pressure (bar)
_Estimate Error Units
Noax | 139.6 7.0 mol kgt
o |2123.0  55.9 J mol-! 6F
g 19.6 0.6 J mol k! =
po | 16049.5 2108.8 bar _8_ 5L 77 K
va |0.0023  0.00013 m’kg! x|
g 4l _Est:i.mﬂt.e Error Units
Values for the D-A parameters [n,..,.a, B, P, c | fnax|126.4  7.26  mol kgl
. . . E- at o 2163.4 51.5 J mol-?
and V] obtained by nonlinear regression on all 5 | N
: : =1 35089.1 6598.0 b
measured isotherms simultaneously. < °r £ ar
@t 0.0020 0.00008
RT Y. (P g1
_ 2 w [
Moy = Mpax €XP _£O(+ﬂTj In (?oj _nga U:

0 20 20 50 80 100

_ Pressure (bar)
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Progress: Summary of MOF-5 Isotherm Data
Collected

«  Approximately 30 unique isotherms collected for MOF-5 with varying
density and ENG content.

Powder
(0.13 g/cc) 0.3 g/cc 0.5 g/cc

77,101, 120, 77,101, 116, 77,103, 143,

(o)
S SNEE 1430200, 295 K 136, 200, 295 K 295 K
77 106, 123
0 ) ) )
5 wt.% ENG N/A 77 200, 295 K Iy
10 wt.% ENG N/A 77.200, 295 K 77, 200, 295 K

Note: Parameters based on adsorption data from 0 to 80 bar.

« Data delivered to and used by SRNL & GM modelers to assess system-
level performance metrics.

@ HSECoE 2012 DOE Annual Merit Review Meeting 11




Progress: Excess Gravimetric Adsorption Data for

V.

L4

ICHIGAN
N\ 4

'MOF-5 at 77 K

—_ 6 |

S

-~ 5 r — o0 ¢ o .

- A S S oo *—

i: 4 v v

S I

= 3

S ¥ Pellet densities (g/ml):

=2 2 ® Powder ® .52

2 4 032 v 060

e A 0.41

0 20 40 60 80 100

Pressure (bar)

g6

=< 57

D

24

% | ® Powder (p=0.13 g/ml)

S Pellets (p=0.3 g/ml)

< 24 © 0% ENG

§ 11] @ 5%ENG

IL‘i A 10% ENG

0 ‘ ‘

0 20 40 60

@ H SE COE Pressure (bar)

80

100

Impact of Densification:

*No impact in grav. capacity up to 0.3 g/cc (>2x

volumetric improvement)

+~20% decrease in grav. capacity at 0.5 g/cc (4x

volumetric improvement)
Impact of ENG:

*15% or 20% loss in grav. capacity for 5 or 10 wt.%

ENG at 0.3 g/cc.

*20% or 30% loss in grav. capacity for 5 or 10 wt.%

ENG at 0.5 g/cc.

_. 6|

8

D 5 |

E) A e~
> 4 .

S ® Powder (p=0.13 g/ml)
| 3 Pellets (p=0.5 g/ml)

2 o [ A 0% ENG

= , + 1% ENG

g 11 # 5% ENG

g o)) 10% ENG

0 20 40 60
Pressure (bar)

2012 DOE Annual Merit Review Meeting

80

100

12



Progress: 7/ K Total Volumetric Adsorption Data
for MOF-5 (Materials-Basis)

I~
]

w
o

N
[=]

—— Compressed H;
® Powder(p=013g/ml) ||

Pellets (p =0.5 g/ml)

A 0%ENG @ 5%ENG

+ 1% ENG 10% ENG

—— Compressed H;
® Powder

Pellets (p = 0.3 g/ml)

A 0% ENG 10% ENG

€ 5% ENG

Total H, Storage (g/lL)
Total H, Storage (g/L)

-
o

e

| | | L ! | | Y ) ) ) ! B
0 20 40 60 80 100 0 20 40 80 80 100
Pressure (bar) Pressure (bar)

* Note: All curves currently assume skeletal densities of 2 g/cc.

* Total volumetric materials capacity up to 100 bar for MOF-5 containing 5-10
wt% ENG is ~38 or 40 g/L for 0.3 or 0.5 g/cc compact densities (assuming
100% pellet packing).

* Over 30% improvement in volumetric capacity compared to compressed
hydrogen (at same T-P conditions).
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Progress: Thermal Conductivity Data for MOF-5
‘Compacts |

Thermal Conductivity Data of MOF-5 and MOF-5/ENG Composites
¢ Neat m +1wt% ENG +Hwt.% ENG -e-+10 wt.% ENG

1.0

<
- 25°C :
£ 09 o
= 08 "
:g 0 . 7 // ,,,,.,., e B, _u.q!r.-:‘
£ o — R
S 04 — —
£ 03 o« —

00 I I I I

0.30 0.40 050 0,60 0.70 0.80

Compact Density (g/cc)

1 wt.% ENG does not provide an appreciable increase in thermal conductivity.
«  Thermal conductivity more sensitive to density changes with larger ENG content.
*  6x improvement in thermal conductivity possible for 10 wt.% ENG at 0.5 g/cc.

@ HSECUE 2012 DOE Annual Merit Review Meeting
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Progress: Gas Permeability Set-Up

Hydrogen permeability test-stand built to assess pressure drop across MOF-5
with/without ENG compacts as a function of hydrogen gas flow.

Computer /d___hh\
DAQ Thermalcouple
MFC C——— H2
» '_L T Eloommler p hermalcouple Flow Meter
ressure
H2 entrance = ] — Transducer Valve 4 - H2 Exit
112 —Bi- —?— :i: Valve 2
C—
Val i
50 sccm~ 550 sccm e H2 Exit
Valve 3

d=1.0cm

quuid H2 LEUEI _l __________ | h~0.5 Cm

AP=P1-P2

Sample
holder
Liquid N2
Copper Coil 1/4 inch —»
H2
a. Setup diagram b. Sample Holder
@ HSECoE 2012 DOE Annual Merit Review Meeting 15



Progress: Initial Hydrogen Permeability Results for

‘MOF-5 at 77 Kand RT

MICHIGAN
A
\ /4

__ 25e-1
Lt |
£
< 2.0e-1
o
k.
>
2 1.5e-1
=
L(y
D
E 1.0e-1
QO
o
N
o
= 5.0e-2
Q
0.0
(1) HSECOE

Preliminary Data based on Current Permeability Set-up

1

B~

% & B 00O

N, ®

ha

#*—-—%hq—h

T,

MOF-5-7T7TK
+5%ENG-7TTK
+10%ENG-TTK
After degas 77K
MOF-5-296K
+5%ENG-296K
+10%ENG-296K
After degas 296K
Trendline-296K
Trendline-T7TK

o
-...

Permeability Future Work
- Further analyze adsorption effects
- Include stability instrumentation

- Assess powder & aspect ratio data

A 040

-1

0.45

i Y S u|

S ——- g5 —

I].ﬁl]

0.35

0.40

Sample Density (g/cm™)
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Progress: System Architect Role (D. Siegel ) CTia )
‘the Adsorbent System -

MICHIGAN
\ 4
v

System Architect role for the Adsorbent System effective May 2011  Lzesm ===

Multilayer insulation in
_ evacuated space

CEE T - T

Pressure vessel

Resistance heater MOF-5 Powder, 60 bar, 80 K, Type | (Al)
Adsorbent/adsorbate
* Coordinated design status with Adsorbent Team

* |dentified and prioritized the research gaps

Start Time to Full Flow (-20°C) 0

* Developed SMART milestones and GANTT chart
» Completed materials downselection process S —
* Conducted multiple meetings with Adsorbent Team N A AP

> 4 face-to-face, monthly telecons, and numerous others I () WsecE
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Progress: Dynamic parameter model framework

*  Assessed the various storage systems in a consistent and dynamic approach
* Developed required interfaces for hydrogen storage systems to fuel cell (i.e. waste heat)
* Verified the integrated system model results for a complete evaluation against the targets

Hydrogen Storage System Targets [llustration of integrated HSECoE model High-Level Simulink HSECoE model blocks

me System Results R et ¢
Toxicit for comparison " R
Safety with DOE targets P L ]
Gravimetric Density kg H,/kg System | 0.045 0.055 0.075 Hz Storage Systems P T Fuel I
Min. Delivery Temp. °C -40 -40 -40 - - — [ s ] uel cell system
Max. Delivery Temp. °c 85 85 85 System performance “ " HUTRC ”"d”':: P""“d':n o H, storage system
i stream in  H, request requesta streamoutf— s | s - ’ |
Min. Delivery Pressure (PEMFC) Drive cycle : f— e Fentumar] |
bar 5 5 3 B ] s UTRC NaAlH4 Pellets i e | | - 5
Max. Delivery Pressure bar 12 12 12 1o fuel ™ requested - — | %
Min. Operating Temp e © 30 40 40 o UTRC/SRNL 1:1 Li-Mg-N-H =
Max. O ing Tempi e ‘e 50 60 60 by fuel cell -
Min. Full Flow Rate [g Hao/s)/kW 0.02 0.02 0.02
System Cost* $/kWhinet VehicleLevel Model Fu "
el Cell System PNMNL Solid AB
On-Board Effi y % _ 0.9 90 90 (NREL) (Ford)
Volumetric Density kg Hy/liter 0.028 0.040 0.070 PMMNL/LAMNL Liquid AB
i N
Ezzlleclz;:; Siogs 1000 1500 1500 350 bar Compressed
Loss of Useable Hydrogen [9 Ho/hrl/kg H, 0.1 0.05 0.05 Parameter Emcé;“ 700 bar Compressed
WPP Efficency % 60 60 60 inputs Storage Systems
Fuel Purity % 99.97 99.97 99.97
Transient Response sec. 0.75 0.75 0.75
Start Time to Full Flow (-20°C) sec. 15 15 15
Fill Time min. 4.2 33 25
Start Time to Full Flow (20°C) Secs 5 5 5

Example of PNNL/LANL Liquid AB System Simulation (Case 1 from the HSECoE Test Matrix)

== Demand
0.4 T T T T T T T n == Delivery 6 T T I T T \ T T T vy
: : : : : : : : — . : R . : : L ™
. _ . _ _ . : : 5 | _ ‘UDDsg + HWFET s
& n E\‘ 4k ............ ....................... TS : 444—,"* ......... R i
2 9 = : P b )
2 E i : T : ='='Demand
|.|.N = g | EUTTU SRR ::m”_nq ............ e = - = Delivery
T = DT e 5 : : Production
F v F — 0 Lowr= ™" I | i i I I I T 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec) x10* Time (sec) x10°

o
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Progress: Conducted System Design FMEAS

FMEA = Failure Mode and Effects Analysis (industry tool per SAE J1739)

o Improves the quality, reliability, and safety of the evaluated product

o ldentifies and evaluates the potential failure of a product and its effects

o  Documents the risk and helps prioritize the key actions to reduce failures

Key steps for developing the FMEA (after functions defined):

1. Determine the effects and associated severity rating (OEM)

2. Brainstorm potential causes of failure and associated occurrence rating (FMEA team)
3. Evaluate the current detection controls and associated detection rating (FMEA team)

Action Results

aaaaaaaaaa
nnnnnnnnnn

Step 3 this be

ttttttttttttt
nnnnnnnn

How good

\ rno:hocot

detecting
it?

nnnnnnnn

| L1
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Progress: Completed System Design FMEAs

Chemical Hydrogen (AB) System Results
Recognized high RPN grouping due to
insufficient weight percentage and
regeneration material (out of scope)
Discovered reoccurring potential cause

Adsorbent (MOF-5) System Results

o ldentified group of potential causes that ®
need further control testing such as
insufficient release due to non-homogenous
materials or impurities and in-service ®

activation compatibility with the vessel

o Acknowledged the need for to develop the ©

WPP and manufacturing assumptions

FMEA Analysis on Adsorbent System

relates to flocculation and clogging
Modified system design to include
prevention items of on-board issues

FMEA Analysis on Chemical Hydrogen System

0 ~N
h > High RPN values due to insufficient controls . , e .
. e > High RPN values due to insufficient material
S e— £l
* Next group can be evaluated based
0 on occurrence rating . HHHHH”H M ‘
: H”HWMWWH\ Ml i
o 5 82 85 85 91 94 97 100103106109 Potel tiICa ;M h smo fF ilur
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Progress: Analyzed initial system cost projections

O O O O

o Compared costs with direct material models and other benchmarks

HSECoE System Comparison ($/System)

$7,982
8000 500k Units
7,000 +~
Assembly
6,000 "
B Balance of Plant
5000 +  $4,193
M Valves
4,000 7 P 52,871 B Hydrogen Cleanup
3,000 - L B Media
2,000 - B Tanks
1,000 + \aﬁ/
AB SA MOF-5 Pacific Northwest
MNATIONAL LABORATORY
$23/kWh  $43/kWh $15/kWh

@ HSECOE

HSECoE
higher <
cost

TIAX
higher <
cost

~

;.

MOF System Cost Comparison

5200

Supported PNNL in developing the bill of materials for the various storage systems
Assessed industry available parts with appropriate capabilities for system conditions
Reviewed quotes from distributors and manufactures for different quantity levels
Evaluated progress ratio models based on production level and volume

$150 —

HSECoE

Qnl

$100

$50

2 5
i

5.
$(50) 1
5{100) 1
1

$(150)

${200) T

5(250) + 2_auly

]
$(300}

5{(350)

Comments / Observations

O Carbon Fiber Vessel
B MOF Media

O Cryogenic Fill Tube

OHeatExchanger

M Liner & End Fittings
O Flow Controller

B H2 blower

O MLVI

B Check Valves

B Temperature Sensor

O Pressure Gauges

1. Further analysis is required to evaluate pressure vessel cost (fiber and liner)

ok wnN

2012 DOE Annual Merit Review Meeting

MOF media difference is expected (MOF-177 with Tiax vs MOF-5 with HSECoE
The insulation criteria for the fill tube and MLVI needs confirmation

Heat exchanger details needs to be expanded into individual items

The main difference is related to the number of parts assumed in the system
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‘Future Work: Technical gaps & near-term plans

Gas Permeability:

— Finalize the assessment of H, permeability for MOF-5 compacts as functions of density, ENG

loading, and L:D.

Adsorption Measurements:

—  Complete any high-pressure and/or low-temperature measurements to support modeling efforts
Thermal Conductivity:

—  Continue to assess impact of thermal conductivity aids on material properties and system attributes
Compact Durability:

— Investigate mechanical stability of compacts with respect to P-T cycling and/or mechanical vibration

and subsequent effects on the respective material properties.

System Design and FMEA Action ltems

—  Develop system assembly and MOF-5 integration concepts.

—  Study degradation effects of MOF-5 upon exposure to air/moisture.

— Evaluate uptake robustness by analyzing pellet variations and impurities.

—  Select material and operating conditions for Phase Il design and sub-scale testing.
Vehicle and On-board Storage Parameter Modeling:

—  Complete model validation and framework refinement based on component bench tests

—  Provide the necessary system model results for the Phase Il prototype direction and design
Storage System and Manufacturing Cost Projections

—  Development of component material assumptions and predictive usage model

—  Establish the activity-based manufacturing cost model for the key storage system components

@ HSECoE 2012 DOE Annual Merit Review Meeting

22



‘Future Work: Next Generation Neutron Imaging

Continuation of in situ neutron imaging of MOF-5 media for model
validation in Phase 2.

Specific objectives:

1. Quantify H, permeation in densified
MOF-5 “pucks”.

2. Measure steady-state spatial H,
distribution as a function of fill and
temperature.

3. Characterize transient behavior
associated with recharge and
discharge as a function of rate and |
degree of fill.

4. Correlate steady state and transient
H, concentrations with temperature ‘ o ”
gradients. T

TCO (m,

.3273 bai
7 bar
-

SE2dPdds

Pressure (bar) I'emperature (K}
— = -l

[=] [SH=] + ]

=4
o

H; Adsorption (wt%)
o
[=.)

£ 0.4
2

i

Exce

o0 50 100 150 200 250 300

w o

sity (mmolicm'{J

[ e

o (=]

Average Hydrogen Density (mnmlfcm“')

Average [ydrogen Den
i

:’C

*Proposal Submitted to NIST Center for Neutron Research*
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‘Summary

Task 1: Vehicle parameter modeling.

0 Benchmarked the system modeling results in comparison to other hydrogen storage analysis.

o Enhanced the modeling framework and assumptions to confirm the initial vehicle level results.
Task 2: Manufacturing cost modeling.

0  Supported the development of the preliminary storage system cost projections for the HSECoE.
0 Analyzed and progressed the storage system balance of plant through technical design reviews.
Task 3: Assessment of framework-based hydrogen storage media and system architect.

o Conducted MOF-5 material parameter characterization and optimization for the system models

o In the system architect role, collaborated with partners to identify the system attributes, material

requirements, and gaps in the pursuit of the DOE system targets. Characterization

Optimization 2009-2010
2011

BOM
Definition

Utilize High Level Equivalent Component Pricing
Phase 1

Develop Cost Projection Models

Decompose Key Components | /hase 2

Selection
2012

COsthrgzzi_t;\fffi;y and /hase s Verification
v . Final MOF-5 Concept for
System Cost Analysis Prototype [Pending 'Go’]
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Collaborations: HSECoE Partners

N
H ,ﬂ;,\J

U=

ol -
& BNREL
=%
¥" National Renewable
Energy Laboratory

%’ United Technologies
Research Center

Pacific Northwest
NATIONAL LABORATORY

S0
@ SRNL

BASF-SE (industrial subcontractor): framework materials synthesis,
processing, and characterization

University of Michigan (academic subcontractor): framework materials
processing-property characterization

GM (industrial collaborator): team member for sorbent materials
operating parameters, sorbent system modeling, system/vehicle-level
modeling

Universite du Quebec a Trois-Rivieres (university collaborator): team
member for sorbent materials

NREL (federal lab collaborator): team leader for vehicle level modeling
and liaison to sorbent materials CoE

UTRC (industrial collaborator): team member for structured materials
and on-board system modeling

PNNL (federal lab collaborator): team lead for cost modeling and
materials operating requirements

JPL (federal lab collaborator): sorbent system architect lead

SRNL (federal lab collaborator): team lead for sorbent (bed) transport
phenomena models and center management

Interactions include monthly team meetings (sorbent system, material operating req., system
modeling), regular data and information exchanges, and four HSECoE face-to-face meetings

@ HSECoE
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General FMEA Overview and Approach

The FMEA is based on the required system functions from the technical targets.

Table 2 Technical Targets: Onboard Hydrogen Storage Systems

Storage Parameter Units 2010 2017 Ultimate
System Gravimetric Capacity: kWh'kg 1.5 1.8 25 N
Usable, specific-energy from H: (net (kg Hz/kg (0.045) (0.055) (0.075)
useful energy/max system mass) * system) .
System Volumetric Capacity: kKWh/L 09 13 23 COSt Of OwnerShlp
Usable energy density from H, (net (kg Ha/L system) (0.028) (0.040) (0.070) >- . . n
useful energy/max system volume) (PrOVIde a com petltlve system)
Storage System Cost b $/kWh net TBD TBD TBD
($/kg Hs) (TBD) (TBD) (TBD)
« Fuel cost ° $/gge at pump 37 24 24 .
Durability/Operability: \
« Operating ambient temperature °C -30/50 (sun) -40/60 (sun) -40/60 (sun)
+ Min/max delivery temperature °c -40/85 -40/85 -40/85
« Operational cycle life (1/4 tank to full) ® Cycles 1000 1500 1500
« Min delivery pressure from storage Accept Fuel
system; FC= fuel cell, ICE= intemnal bar (abs) 5FCI35ICE 5 FC/35ICE IFCI35ICE
combustion engine H
. 2‘:’1’;9";"““ pressure from storage bar (abs) 12FCHO0ICE 12 FC/100 ICE 12 FC/100 ICE (FI " Storage syStem)
+ Onboard Efficiency % 90 90 90
+ “Well" to Powerplant Efficiency % 60 60 60 >
Charging / Discharging Rates: .
« System fill ime (5 kg) min 42 33 25 Dellver Fuel
(kg Hafmin) {1.2) (1.5) (2.0)
+ Minimum full flow rate (g/s)kW 0.02 0.02 0.02
- Start fime to ful flow (20°C)° . 5 5 ; (Supply H2 from storage system)
+ Start time to full flow (-20°C) ¢ ] 15 15 15
. Trar;'swenl response 10%-90% and 90% - s 0.75 0.75 0.75
0%
: i. oy SAE J2719 and ISO/PDTS 14687-2
Fuel Purity (H, from storage) - %o Ho (99.97% dry basis) )
-
Environmental Health & Safety:
+ Permeation & leakage ! Sce/h Store Fuel
+ Toxicity - Meets or exceeds applicable standards S
« Safety - 1
rpersoes 01 (Manage H, in the system)
-
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General FMEA Overview and Approach

Severity

Effect

Ranking

Hazardous
without
warning

10

Hazardous
with warning

Very High

High

Moderate

Low

Very Low

Minor

Very Minor

Nl W] | OO O

None
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X

Occurrence

Probability
of Failure

Ranking

Very High:
Persistent
Failures

10

9

High:
Frequent
Failures

Moderate:
Occasional
Failures

Low:
Relatively
Few Failures

N| W] | O] O

Remote:
Failure is
Unlikely

X

Detection

Likelihood
of Detection

Ranking

Absolute
Uncertainty

10

Very Remote

Remote

Very Low

Low

Moderate

Moderately
High

Al | O N| ©©] ©

High

w

Very High

Almost
Certain
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