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Overview

Timeline Barriers

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

*End: July 31, 2014 B. System Cost J. Thermal Management
55% Combplete (as of 3/31/1 2) 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
. 7 .
e Contractor Share: $ 3,591,709 @ SRNL Pamﬁwqrthé . W e
e FY’11 Funding: $ 5,144,156 e
e FY 12 Funding: $ 5,930,000 JPL  NREL
*Prog. Mgmt. Funding 4
£97% nsm 4al)
e FY’11: $ 400,000 % ¥ iVl uﬂssu Qv‘*’

LT/

e FY’12: $ 400,000 @ m
2 United Technologies LINCOLN
@ HSEBUE * Research Center agypgggam 5




Approach

Why Perform Materials Development and
System Engineering in Parallel?

continuous feedback with
system design indicating materials requirements

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

HSECoE Objectives

e Develop materials based hydrogen storage systems for On-Board
Hydrogen Storage for Light Duty Vehicles

e Develop system models that lend insight into overall fuel cycle efficiency.

e Compile all relevant materials data for candidate storage media and define
future data requirements.

e Using systems engineering concepts, design innovative system
architectures for metal hydride, chemical, and sorption materials-based
storage technologies with the potential to meet DOE performance and cost
targets.

e Design components and experimental test fixtures to evaluate the
innovative storage devices and subsystem design concepts, validate model
predictions, and improve both component design and predictive capability.

e Design, fabricate, test, and decommission subscale prototype systems of
selected materials-based technologies.

@ HSECoE



Approach

Phased Approach

Phase I:
System

Requirements
& Novel
Concepts

Phase ll:
Novel Concept
Modeling Design &
Evaluation

 Where are we and
where can we get
to?
* Model
development
« Benchmarking
» Gap ldentification
* Projecting
advances

* How do we get there
(closing the gaps) and
how much further can we
go?

« Component development
» Concept validation

* Integration testing

« System design

* Put it all together and
confirm claims.

System integration
System assessments
Model validation

Gap analysis
Performance projections



Approach
Important Dates

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

e Phase 3 Start: July 1, 2013

e Completion Date: June 30, 2014 = 12/31/147

D Tast Name Stat Finsh 03 i an an 13 14 s
o [ (ot [ o3[ ot (oo os [od [t Jaz o3 [od or o [os [0 [on[ar o3[ [ o o3 [od e @fos
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 I
4 Phase 2 Hovel Concept Modeling, Design and Evaluafion FHEMAT . FriGapms
3 Phase 3 GoMo-Go Fridf2aia  Fridapna |
i Phase 3 Subscale Prototype Construction, Testing § Evaluation Mon 7HH3 | Man BI04
7 Phase 3 No Cost Extension Tug 7414 | Wed 1274 14

Phas.e1-2 Materials System Design Go/NoGo Building

Transition Selection Selection Subscale Decision Subscale
@ HSECOE Prototypes Prototypes




Phase 1-2 Transition

Overviewed Integrated System Model and its Role in
Target Achievement

Prepared Summaries of Status for Metal Hydride,
Chemical Hydride and Adsorbent Systems

e Current status vs targets

e ldentification of critical technical barriers

e ldentification of potential solutions to barriers

uuuuuuuuuuuuuuuuuuuu
5. WT ciency

4. Fuel Cost
5. WTPP Efficiency

) HSECoE

) HSECoE

1. Grav Density

2. Syst t

3. Ond Ficiency

5. Fuel

6. WTPI ency

7. Fill Time
@ HSEBOE -



Outcomes of Phase 1-2 Transition

e Continued Work

@ HSECoE

Adsorbent-Based Hydrogen Storage Systems

e Increasing compaction of the sorbent materials
e Demonstration of improved thermal conduction within the sorbent
e Thermal isolation of the inner storage bed.

e Flow through cooling designs must be accompanied with total cooling
requirements

Liquid-Phase Chemical Hydrogen Storage Materials
(including liquids, solutions and/or slurries)

e Development and validation of the critical components for baseline ammonia
borane solutions

e Thermal management within the reaction chamber,
e Gas-liquid phase separations, and the

e Hydrogen purification train be emphasized for the baseline ammonia borane
solutions.

e Endothermic release material (e.g., AlH;, alane) must be modeled



Outcomes of Phase 1-2 Transition

e Discontinued Work

Solid-Phase Chemical Hydrogen Storage Materials

e Material transport becomes a major challenge for this class of material.

e Areliable process for loading/unloading solids from the onboard storage vessel,
nor transporting it through an onboard reactor, have been identified.

Work on Reversible Metal Hydrides

e Analyses for highly optimized vessel configurations that could adequately
manage thermal and mass flow rates needed for reversible onboard hydrogen
storage to meet the DOE performance targets imposed requirements substantially
exceeding the properties and behavior of any single, currently existing
candidate hydride.

e The necessary combination of gravimetric and volumetric capacities, reaction
kinetics, thermodynamics properties, and reversibility have not been found
simultaneously in any hydride investigated to date.

e Novel engineering solutions that will allow any currently known hydride, when
incorporated into a complete system, have not been identified.

@ HSECoE



Approach

HSECoE Phase 3 Go/NoGo Milestones

Hydrogen Storage Enginering Cente of Excellence

Phase 2 System Status

Hydrogen Storage Enginering Cente of Excellence
Phase 2 System Status

Chemical Hydrides 3317201 33172013 Adsorbants 3312011 331/2013
Phase 1 HSECoE Baseline (System)] Phase 2 HSECoE Go/Mo-Go Targsets Phase 1 HSECoE Baseline (System) [Phase 2 HSECoE Go/No-Go Targsts
Phase 1 Phase 1 Phase 1 Phase 2 Phase 2 Phase 2 Phase 1 Phase 1 Phase 1 Phase 2 Phase ? | Phase ?
2015 DOE ESE?_OE HE‘;"E?OE ESE?OE HTSECfE HTSECtUE FEECtUE 2017 DOE| HSECOE | HSECOE | HSECOE | HSECoE | HSECOE |HSECOE
. Goal Mase '_”"3 BOaFI’S '”T Sase in& Marge_ SI _Bg';ge EI; ; .Sa'rge N Goal Baseline Basline Baseline Targets Targets Targets
Travamet Tgrqet " ” Hzfll:lmts’ n ‘SVS[;E[';;]S ! at;”l;)a [ gr;];; L YSLEHI;LZ ' EIESEU]?B ! ;‘11}6}9 . \’St:”;zts Target Units (System) (Material) (BOP only) | (System) [ (Material) | (BOP only} | (System)
[SVEMEe Lapatly X9 ned S*?i‘?‘ i : - = : : 57| Cravametric Capacity kg H2/kg system 0055 015 0.05 0035 015 005 0045
- - i - ers - : mass kg 102 147 124
Volmatie Zapeeity P kg Hell System 0551 e LT U'Si? e 0802 0.?;13 Volumetric Capacity kg H2IL system 004 0042 0043 0022 0045 0074|0028
System Cost* W net 5 258 Volumetric} liters 140 ] il
T System Cost S/kWh net 6 35 15.0 18.5 3.5 10.3 138
p 573
Fuel Cost S/gge at pump _ § 3,450 2,57
in Operating Temp °C FL_'El Cost _ _S"U.[JE at pump
Iax Operating Temp °C Min Operating Temp :C
Win Delivery Temp C IMlax Operating Temp °C
Wax Delivery Temp T Min Delivery Temp °C
Cycle Life cycles 1000 Max Delivery Temp °c
Min Delivery Pressure bar Cycle Life Cycles
Ilax Delivery Pressure bar in Delivery Pressure har | 5
Onboard Efficiency % Max Delivery Pressure bar
Vel to Power Plant Efficiency| % Onboard Efficiency % | 9§
System Fill Time min Well to Power Plant Efficie %
Win Full Flow Rate la/s/k\V) System Fill Time min
o's in Full Flow Rate (0/s/kW)
Start Time to Full Flow (20°C) [sec s
Start Time to Full Flow {-20°C}sec Start Time to Full Flow {20°C) |sec |
Transient Response ser Start Time to Full Flow (-20°C)[sec
Fuel Purity foH2 Transient Response sec .
o 5
Permeation, Toxicity, Safety [Sccth Fuel Purity otz 33 97
Veets or|
Loss of UseablgHyarogem, |(g/h)'kg H2 stared Pemeation. Toxcity. Safety | Sec/h StEaﬁCdZergi
S)gtem Desing Specifics Loss of Useable Hydrogen {g/h)kg H2 stored 0.05

LAML. PHML. SRNL
PRNL
LANL
PHNL

PHNL
UTRC
UTRC
UTRC

e
Tank
Reactsr

Systerh Design

Pumps
Exchanger
GLS
Purification

He

Liquid AB at 50wt%
Bladder Tank
Flow Through Reactor

Feed/Recycle/Transfer Pumps

GasiLiquid Seperator

Purification

Liquid AB at G5wit%

Bladder Tank

Flow Through Reactor

Feed/RecycleTransfer Pumps

Heat Exchanger mass and volume cut
Gas\Liquid Seperator
Hydrogen Purfication mass and volume

1) HSEGoE

JPL
LC

SRML. GM
SRNL.OSU

stem Desing Specifics

Ford|N

MLYJ Insulation

Type Il 200 bar tank

Uncompacted Super Activated Carbon
Flow thorugh Cooling

PEMFC Fluid Coupled HX Loop

MLYJ Insulation

Type IV 150 bar tank

Compacted MOF-5 w/ density 0.3
Flow thorugh Cooling

PEMFC Fluid Coupled HX Loop
Initial conditions: 140 bar, 80 K
Final/Refill conditions: ~3 bar, ~160

10



Approach

Phase 2 Gantt Chart

Phase 2 Plan
Adsorbent System

Center | Partner Lead Technology L .
e | Taske | mstiion | P Partner hros Task Description and Objective(s)
A’ Determine out-gassing rate and species for cark S upons at

Center
Task

Eryogenictemperatures

Partner Lead Technology Sutions of radistive and canductive heat wanzrer, and
Fartner Fartner

Task# | Institution Area fgers

| coordination with experimental results

JPL Lincol ET

[}

Pl

Pl | B

= |3

FHIL Lincol IFL ET

311 Btion far various MOF-5 media morphelogies (powders,

ttechniques

CalilEramae iz

partners in the

Esure permeability atlow T
PHEL ET add

=
—_
2
-

listness of SAC composite pellets

- R ST EIEE e s pEsere s uEnsity with minimal adverse impact on gravimetric

15 2 GM MOR _|adsarption and kinetics, determine pellet D-A parameters
Evaluate differences in engineering properties of alternate sorbents such as PEEK with optimized pore sizes
that enable higher bulk densities and volumetric capacities. Provide comparative evaluations to base

16 1 NREL MOR | materials like A%-21 and MOF-5
d 2 iate engineering properties on recommended pent materials for future HZ
17 4 NREL MoR__|stora
VT 7 05U SRNL FACM___|Altemative System Configuration and Modeling

Task Description and Objective(s)

Determine out-gassing rate and species for carbon fiber coupons at elevated, room, and cyogenic
temperatures,

mplete materials testing of liner and composite at ayogenictemperatures

Calibrate parasitics model, confirm the relative contributions of radiative and conductive heat transfer, and
address ways of reducing the most significant parasitics,

— - - i - T —
" 33 & SRNL UaTR Ford MOR___|Characterize adsorption isotherms of MOF-5 at 3 temperatures and confirm DA parameters
i Perform efficiency analysis and report rank order results of WPP effidency and GHG emission for each storage
34 3 MREL PACM  |system design being evaluatad
d Complete low temperature modate flow through coeling and
5 b SRNL uaTR hid B
36 3 05U i . . .
" Fi 11 Fi 12 Fi 13
7 s o5y ™ " — " " — I
r - ' r - ' #
. o4 ool poo2 03 oy a4 | ol ooz a3 o 04
incoln ET . .
’ : : : : I
' '
3 8 JFL ) : H H : I
T 5 JPL ET Perform mechanical tasting of thermal stand-offs ' H H '
S 5 SRHL uatr WMOR__|charam e tie pti . - }
d Conduct advanced flow-through cooling exper H
42 £l SRNL uatr ™ orientations. Validate models; tune and incorporate necessary ph ! |
i Experimental validation of flow-thraugh coaling concept for H2 | : I
43 5 GM ™ pelletbed '
" Mid-scale dormancy test Using a geometrically similar tank config H I
44 3 JPL Lincoln ET transfer in a tank '
s 4 UTRC ET Del particulate mitigation filter T i
T 4 Ford U BASF MOR___|Determine cyclic stability of MOF-S pellets.
d ) ategy validation experiments for powder and pellet beds.(a) Hot gas recirculation (b) Emb d
47 3 GM hid electrical heate
r
| 0 - 5 ™ Lincoln o Mid-scale permeability test Using a subscale tank of the same type as above, assess tank-scale parmeability.




Accomplishment

P1/2 Metal Hydride System Projection

2017 Targets

e Dual Vessel Sodium Alanate Design (w. 4 mol%TiCl; & 5 wt%
ENG)

o GM1 Design: fin and tube heat exchanger optimized to meet 10.5
min refueling time at the expense of wt %

e 2 Type 3 composite tanks with SS liners
e System includes a 10 | buffer tank and a 12 kW H, combustor

Start Time to Full Flow (200C)

Fill Time (5Kg H2)

Start Time to Full Flow (-200C)

Transient Response

Fuel Purity

Wells to Power Plan Efficén

=

Gravimetric Density
System Cost
Onboard Efficiency
Volumetric Density
Fill Time
Fuel Cost

Cycle Life

e

Fuel Cost

84
E

Fuel Cell
Fuel Cell Delivery:
P: 5 bar

T:<80°C
Q: 1.6 g/s Max.

Halgliyery Loop

Heat Transfer Fluid Loop
—

Fgel Cell Coolant Loop
FMIICombustor Air Loop

Heat Transfer
Fluid Tank

Gravimetric
100%

Density

Min. Delivery Temperature

Max Delivery Temperature

Min. Delivery Pressure (PEMFC)

Max. Delivery Pressure

Minimum Operating Temperature

Maximum Operating Temperature

Minimum Full Flow Rate

System Cost

On Board Efficiency
Volumetric Density

Storage Tank:
P: 5-150 bar
V: 176 Litank
T: 25-200°C
Q: 016 gis

12
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Accomplishment

MH Barriers and Approaches

e Gravimetric & Volumetric Density
o New materials discovery
e Improved Tank Design
e Low mass BoP Components
Improved Internal HX

®
e Media Thermal Conductivity
e Internal HX Design
Time=720 Surface: TK fC] Mane: 131,75
0:05 qa - .

0.03
r s

0.02

0.01

0 00l 002 003 004 005 006 007 008 009 01 0.1 100
Min: 99,85

Improved Internal HX Concept

(1) HSECoE

MH System Gravimetric BOP

System mass 457.5 kg

H2 buffer tank [1%4]
Small Components <1% [3%4] Oil loop isolation valves [2%)
Coolant system fluid [2%4)
Int I HX2 [5
niema (6% 0il recirculating pump [6246]
Internal HXT [5%) Coolantwetted lines [3%G)

Sodium aluminum

NaAlH, g wmesomotnes
systems

TR

/-
as-milled  discharged
Compacted Media 13



Accomplishment

MH Barriers and Approaches

e Fill Time
e Improved Internal HX

Conductivity % Research Center

SAH + ENG Powder SAH + Aluminum

. 100
Parallel model ‘ ‘

Parallel model
Q

o
o

—
{a]

10

Fin

- . | Series model
Series model

Thermal conductivity [W/im/K] _.
Thermal conductivity [W/m/K]

1" k perpendicular

1
0.00 0.50 1.00
Volume fraction of Aluminum

1
0.00 0.20 040 060 0.80 1.00
Volume fraction of ENG
HSECoE

2)

14
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Accomplishment

MH Barriers and Approach []SU

e On Board Efficiency
e Improved Catalytic Combustor

Microchannel Catalytic Combustor
>96%Efficency

Exploded View

Assembled Experimental Facility

: V. Narayanan, D. Haley, M. Ghazvini & K.
>y Wet Deposited Pt Drost

| Catalyst =



Accomplishment

Metal Hydride System 1: Use Waste Heat Only

< Attributes S e
= Very simple system. Cathode |« H,
— Coolant
= Fuel cell waste heat stream used FuelCel Radiator
= No separate buffer tank: use H, in pores. Hydrde
Air
“» Media Characteristics )
= AH =27 kd/mol-H, (T5 .= 20.7 °C) @ > — R
= 11 wt.% material capacity Pamp
% Results
= Satisfies all targets. X
= On-board efficiency: ~100%
= System: 101 kg, 124 liters
Weight distribution ﬁﬁﬁzsl Volume distribution ﬁt'ii?f;sl
Pressure  ysing waste heat  regulators, U ysing waste heat
vessel, 14.5,14% _Vessel
18.3,18% BOP 134, 11% BOP
combustor HX'01'7' combustor
loop, 0 1% loop, 0,0%

HX, 2.38,
3% |

16



Accomplishment

<+ Attributes

Mix of fuel cell coolant and
recycled fluid used for warm-up
and to maintain T,,,,.

No separate buffer tank: use H, in
pores.

*» Media Characteristics

AH = -40 kJ/mol-H, (T o, =
122.8 °C)

17 wt.% pure material
capacity

2+ Results

Satisfies all targets except on-
board system efficiency.

On-board efficiency: ~81%
System: 103 kg, 126 liters

Operating at 130°C delivers
5.4 kg-H, (delivered + combusted:
6.6 kg-H,)

Metal Hydride System 2: Combust Some H,

Regulator

Anode |«
Cathode
— Coolant
FuelCell

Radiator E :B

Hydride
bed

Pump
Pressure . . . . BOP
vessel, Weight distribution fittings,
11.5,12% with combustor regulators,
14.5, 15%

Graphite,
4.7, 5%

BOP

combustor

loop, 16.0,
17%

Hydride,
46.5, 48%

Catalytic heater
8kw

" Recycleloop
12 L/min

F 3

P\:zz:gf ¢ Volume distribution ﬁt?i?;sl
11.5,9% with combustor
Expande\

Natural py 22 29% >

Graphite,

2.2,2% loop, 14.1,

11%

Void space,
27.2,22%

Hydride,
61.3, 50%

17



Accomplishment
Gravimetric Capacity vs. Enthalpy

3 bar at 60°C 5 bar at 165°C (-24.2 kd/mol-H;)

/

18 e A | _ 100 bar at 60°C
Li,Al5(BH,)5 -, - ' ==
16 A B 7 e
LiBH, Mg(BH,), A
—14 - .
‘6& -
E 12 . LiBH,+MgH, | ¢ LE;ﬂOEI;NL:UIHet:I :ydnde
z NaBH, 6LiBH,+CaH, ¢ oE Metal Hydride
& 10 . . ‘Regular hydrides
& Ca(BH,), 4 LiNH,+MgH,  AlH, HSECOE Amides
2 8 MgH, ® A HSECoE Complex hydrides
E 6 - HiNgz Mg(NH,),+2LiH ® HSECoE Destabilized systems
= J2MgHsi 4 A Li4AI3(BH4)13
O 4 . o + $ANaAIH; 1+ LIAIH, | Destabilized hydrides
4 4 u .
Mg,NiH o LiBH,+Mg;NiH, . . 0 _ .
3MgH,+MgCu, ® 9 ‘Na,AlH, ‘LngAle_ o 4+ <90% on-board efficiency
2 ¢ F 3% ".‘..*.ﬁﬁf'w‘" °°°°° <90% on-board efficiency
D T T - * ”_¢L3N_IRH::
-10 -80 -60 -40 -20 0

Enthalpy [kJ/mole-H2]

629°C 552°C 464°C 362°C 244°C 103°C -66°C 18



Accomplishment

MH System Conclusions

« A material will need reasonably fast charging kinetics (3-8X
better than SAH), at moderate pressures (< 100 bar).

- Any additional hydrogen capacity (1 to 1.5 wt%) gained by
using higher pressure, hybrid tanks would be negated by the
additional weight associated with the additional carbon fiber
needed to reinforce the tank walls.

* For many material densities (>800 kg/m3) — the volumetric
target can be easily met if the gravimetric target is met

« A minimum material H, capacity to meet the DOE 2017 Targets
is 10 to 11 w/o (with no hydrogen combusted i.e. AH < 27
kJ/mol-H,).

* For materials with a higher AH (some H, combustion required
i.e. AH >30 kJ/mol-H,) a minimum material capacity would
need to be 15 to 16 w/o.



Accomplishment

Chemical Hydride System Projection o
2017 Targets [roca ]

H; Clean-
Up System

()
Fill Station : !ﬁr
Product Line VibIBor gpupe
DisKTRD =0

e Media Type: Fluid Phase Ammonia Borane

e Composition: 50wt.% AB in BMIMCI Tank
(1-n-butyl-3-methylimidazolium chloride)

H, Flow Thru Reactor

] . . Fill Station . % -7/////////5-
e Products: Similar rheological properties to Feed Line "L o @ _W!!_
reactants Q o -_

Feed Pump Liguid Flow Thru Reactor

Recycle Pump

Gravimetric Density
100%

Transient Response " Volumetric Density

Start Time to Full Flow (-200C Minimum Operating Temperature

Gravimetric Density
On-Board Efficiency
Min. Op. Temperature?
Fuel Cost

System Cost

H, Purity ?

Maximum Operating Temperature

Min. Delivery Temperature

Full Flow Rate

Max Delivery Temperature

Min. Delivery Pressure (PEMFC)

Hydrogen Purity

Well to Power Plant Efficency Max. Delivery Pressure

@ HSECoE e 3



Accomplishment

Chemical Hydride Barriers and ApproachsflefryAB o2 Aarmos
e Gravimetric Density Kinetics Measurement \;/

e Improved Solvent/Slurry to
Achieve Higher Density Loading

e Minimum Operating Temperature
e Identify Viscosity vs. Temperature

e System Cost
e Low Cost Solvent/Slurry

Pacific Northwest
NATIONAL LABORATORY

Water
condenser

AB slurry Heat/

Slurry AB
Development

Owt%AB/ 30wt%AB/
silicone oil, silicone o
i sonica

i :
7 10wt%AB/
silicone oil,

(1) HSECoE

Oil bath

Slurry AB
Viscosity
Measurement

21



Accomplishment

Chemical Hydride Barriers and Approaches

. gz: Feed: ,/ =1
e Hydrogen Purity £ g bip T 60 wispligchon
£ Vermiéulite
e Improved Solvent/Slurry - 1
e Improved Chemical Trapping L
go.l .("
e Good Thermal Control e i I s
Time [hrs]
g_; Feed:
o 10.000 ppm NH; in :\/_’-
A 60 psig, 68 F
§§j /50wt s Mncl, on IRH-33
. 02‘ 01 ppm f:
Impurities Trap Development % United Technologies s F . = o
Research Center Time fhrs]

Metal Chloride on Porous Supports
1 rgry--r-'w:-;l g

NH; Filter Weight
1800 miles

50

45
=40
=35
Sap
Ez2s
€20
215
@ 1.0

05

Activated Carbon Vermiculite o

0 100 200 300 400 500
NH3 content [ppm]

—==2.0% -+5% —11%

NH, filter: 1.2 kg, 1.6 Liter

(1) HSECoE 2



Chemical Hydride Barriers and Approaches

e On-Board Efficiency

Endothermic vs. Exothermic '
e Daily Utilization - Los Alamos Pacific Northwest

AB Energy Efficiency Calculations as a Function of the Number of Startups

and Delta T for a SS Reactor Mass of 5 kg (Total Mass of H2 = 5.6kg)
Includes Energy for Reactor Startup and Energy to Heat Fluid

Alane Energy Efficiency Calculations as a Function of the Number of Startups

and Delta T for a SS Reactor Mass of 5 kg (Total Mass of H2 = 5.6kg)
Includes Energy for Reactor Startup, Energy to Heat Fluid and AHxn

100 100
e 98 L 98
> >
2 96 2 96
o )
k3 3]
E o4 = oo
S 92 S 92
[0) [0)
C C
L L
90

90

| @ HSECOE T. Semelsberger, K. Brooks 23



Accomplishment

Chemical Hydride Component
Flow Through Reactor Validation Experiments

Gasl/Liquid Separatg%r
Test Facili Ressarch Conter’
Fluid AB Flow Through Reactors & . est Facility :
Test Facility “Los Alamos Gas/Liquid Separator

Purification

Gas-
— Liquid
Separator

Heat
Exchanger

Reactor

24
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Accomplishment

CH Projections of Progress

AB Fluid Phase System: Potential Improvements to System

Gravimetric Capacity

0.070 0.055
"% 0.068 -~
® 7]
# 0.065 // £0.050
bo
= 0.063 =z
~ / 20.045
T 0.060 T
£ 0.0s8 2
3T / 2017 Target > 0040
g 0.055 - 7 £
2 0.053 — & / %0.035
[

© 0050 — & o 0.030
5 o048 — £ £
2 T L e 2010 Target g
E ooss & A 1 3 0.025
g 0.043 i 2

0.040 | ‘ ; ; 0.020

A c D E F G H
Improvement

1) HSECoE

AB Fluid Phase System: Potential Improvements to System
Volumetric Capacity

§
4 "i /.
w
g //
«@ 2017 Target
2010 Target
T T T T T T
A B C D E F G H

Improvement

I O Mmoo W >

Phase 1 Baseline: 50:50 Fluid

composition

Change from steel shell ballast tank to aluminum

Reduce HX from 76 kW to 38 kW

Reduce H, Wetted Tubing
Low Mass Borazine Scrubber

Low Mass Ammonia Scrubber

Increase AB loading from 50 to 65 wt. %

Increase AB loading from 65 to 80 wt. %

25



Accomplishment

Adsorbent System Projection
2017 Targets

HSECoF scope)
|

Multilayer insulation in
e

. 2000 bar 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 ™"

Adsorbent/adsorbate’

. Porous-bed “flow-through” cooling/fueling design for adsorption o) 2 e
?

e regulator Thermocouple

T
, , : , , L -
. Desorption heat via tank-integral electrical resistance elements/HX %k A —
?
Q

Glycol tank Pressure sensor —»  Hydrogen refucling stream

eoluUup!

Hydrogen conditioning Pump . Flow-through cooling
heat exchanger outlet stream

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

Fill Time (5 kg H2) Max Delivery Temperature

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

System Cost
Loss of Usable H,

On-Board Efficiency

Min. Delivery Pressure (PEMFC)

Maximum Operating Temperature

Minimum Operating Temperature

Max. Delivery Pressure

Volumetric Density Minimum Full Flow Rate

On Board Efficiency
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Accomplishment

Adsorbent Barriers and Approaches
1 Type IV Cryogenic  ~ LINCOLN

e Gravimetric Density Pressure Vessel i o
e Media Manufacturing

e Media Compaction
e Type 3 & 4 Tank Development
e Advanced HX Design

e Modular Tank Insert

e Flow

Cryogenic Tank _JIDL

Burst Facility =, Cryogenic
0.08 R O) e GN2 used to fill COPY Matel:lals Pacific 4NC_>T2|‘IV\’I‘E_SF‘_
oo n LI I . E _Woondlnm Testlng NATIONAL LABORATORY
0.06 .."--. g::-cm ”

=)

System Gravimetric Capacity [g/g]
g < £
&

* P
tven,, \ ALY
: xxXXXxXxxxx ."9. L1 Gas
xxxxxXXX:OO HP Line \Beostey

X x

0.04
# Activated_Carbon

0.03 ® Powder_MOF5 Composite Tank Controlled Relief Line

filled with 39
Comp_0.32gcc_MOFS Liquid Nitrogen
0.02 Comp_0.52gcc_MOF5 and topped with
N Gasesous Nitrogen KEY
0 50 100 150 200 250 300 (] Pressure Regulator
Full Tank Pressure [bar] =] Burst Disk

=) Temperature Sensor
=(F) Pressure Transducer

D =(R) Pressure Regulator
___ Control Valve
O LN: Bath Safety
1) HSECOE
\ Wwall




Accomplishment

Adsorbent Barriers and Approaches @ SRNL
Stacked Pellet Array ng
e Volumetric Density v

e Media Compaction
e Advanced HX Design

e Modular Tank Insert

. C ted Medi
e Flow Through Cooling In?;:&iﬁ;ing;,\:a(; C Tord

e Hexagonal Pellet Array

Pellet Thermal Modeling M

Modular Tank Insert umssu Cryogenic Adsorbent qéb
Component Test System  +/

A
@ SRNL

Flow Through Cooling

T, = 80K

Temperature (K) at 15 sec
302.27

300

250

‘1200

150

100

80

4 ' Avg. exi m
O 0o 0.25 m/s from 3 to 5 sec




Accomplishment

Excess Adsorption (g/gx 100]

MOF-5 Excess Adsorption

= s o W oo oy

Liquid N2 Lever

Liquid N2
Container

MOF-5 Cryogenic
Permeability Measurements

Darcy Permeability x 10" (m

H2
a. Setup diagram b. Sample Holder

0.0

1) HSECoE

1.5e-1

1.0e-1 | N

6.0e-2

Measurements
g 6
e : 5
- Ty . T 2
/")- —v- ——— % 4
£ 3l ] ® Powder (p=0.13 g/ml)
Pellet densities (g/mi): g2 |y Pellets (p=0.3 g/mi)
o Dowder * ()52 Z 2 o (0%ENG
0 032 v (80 & y + 5%ENG
- 041 & A 10%ENG
* 0
0 20 40 60 a0 100 0 20 40 60 80 100
Pressure (bar) Pressure (bar)

Cold thermometer

Heater

Hot thermometer

Sample

de

I

Adsorbent Materials Characterization

MOF-5 Thermal Conductivity Measurements

< [

United Technologies
Research Center

& vy ©SRNL

© MOF-5-77K
o +5%ENG-7TK
a +10%ENG-TTK
* After degas 77K
'] MOF-5-296K.
* +5°%ENG-296K
ry +10%ENG-296K
After degas 296K
Trendline-296K
Trendline- 77K

~
N . . - -

N e S

N\ ""“'-—-“-ﬂ-O—_ﬁ_o_%n

& 040
\.\O\ iy s

ol -
R SR Uy ke

045

TRt a

0.50

0.30 035 0.40 045
Sample Density (g/cm)

0.25

Temperature rise [°C]

+ Neat m +1wt%ENG

+5wt.% ENG -e-+10wt.% ENG

< 10
£ 09
£ 08 25°C
£ 07
g 06
2 05
3 04
g 03 1
5 02
Food — - =
00
030 040 050 060 070 080
Compact Density (g/cc)
0.80
¥E oo
= oso
& 0.50
=
T 0.40
=
= 0.30
8 = 0.43g/cc (10wATe ENG)
g 920 < 0.aSg/cc (10wa% ENG)
2 o010 © 0.46gfcc (10w ENG)
— S0.50g/ cc (10w ENG)
0.00 T
(o] 100 200 300 400
Temperature (K)
6
I
/
5
4 ——= —z-direction
— f 3
= -y-direction
3 & .-
—x-direction
2

0 1 2 3 4

5
Time [seconds]
parameter | 95% confidence interval Unit
kX 332<345<358 VWi K
kY 144 <1.49<155 WK
kZ 0.280 < 0.236 < 0.292 Wim/K 29
C, 1395 < 1438 < 1434 Jkg/K




Accomplishment

Adsorbent Barriers and Approaches

e Loss of Usable H,

e Reducing Parasitic Load
e Improved thermal isolation

e Utilizing Vented Hydrogen

PL

Jet Propulsion Laboratory
California Institute of Technology

Cryogenic Vacuum Outgassing

PL

MLVI Development & Ficpision averstory

California institute of Technology

Heat Leak Evaluations

Vacuum Cell
Standoff

(-25, 10 or 45°C)

Isothermal Surface

Conductive _—]

Isothermal Insert |

(800r150 K) ——a

PL

Jet Propulsion Laboratory
California Institute of Technology

Temperature

. Controller,

|| Power Supply,
Data Logger

== Evacuation Line

KEY

Temperature Sensor (4-Wire Bundle)
Resistance Heater

Vacuum Gauge

Heat Transfer

@ HSECoE

Kevlar™-suspended tank
Vacuum shell

Vacuum Jacket
| (without ends)

Kevlar "
Suspension

Pressure Vessel

JPL

Jet Propulsion Laboratory
Calitornia Institute of Technology
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Adsorbent Barriers and Approaches

1) HS

e On-Board Efficiency

e Low Pressure Design

Composite Type lll Tank

> Flow-through cooling for refueling
> Resistance heater for desorption
40K < T, <120K

operating

@ SRNL

Aluminum Type | Tank

‘AR TR WAL LUATINY
008 Ultimate Target 0.08 + Activated_Carbon
—— .- — —— e — . — . — —_ —_— = —_)—_ —— — — e — == = -
=007 L - = 0,07 Ultimate Target ® Powder_MOFS
B "aa . = ", 4 Comp_0.32gcc_MOFS
Z ) "samg 2017 £ L Comp_0.52gcc_MOF5
EO.DS = 7 Y L Target a0.06 ) u b
3 | _'1_’ ’—Q-ﬁ.—..’—’ ................ 3 [ I f— _... ____________________ _—
L * e L W 2010 g u 2017 Target
§ "% % XK % x MR Target % 005 MM A iy tey g
E . ] LV E X Xk x x_x..g_;_’q_o _____ —_ E o —..-L»_._"..;_;__.._l._.. __________ -
" oy o* & . A ]
go_m gg_m X%t ey Ay " mg 2010 Target
Py A 4 -
E + Activated_Carbon § I I . .
%o.os ® Powder_MOFS 2003 Xx e, -
4 Comp_0.32gcc_MOF5
0.02 Comp_0.52gec_MOFS 0.02
0 sp 100 150 200 250 300 o 50) 100 150 200 250 300
Full Tank Pressure [bar] Full Tank Pressure [bar]
4D m—— b — — ———— — — — — — ———— 4) = ——— s — — bt ——— — — — —— ———
2017 Target + Activated_Carbon
38 38 = Powder_MOF5
= =
E 36 " ) . . 335 s Comp_0.32gcc_MOFS
4 4 s F-3 Comp_0.52gee_MOFS
psm S g Egmn & A A A A A4y,
%34 "i-..-!AX/XX/XXXx 33“ N
A 2 ] A . E M EEEEEEEEEg
?532 A—X " £3 Ay l'.i ‘Xxx/Xx/;'
o
£ * . E % L L] %
< 30 ] < 30
G} ] ]
N Lhe et et et Tt ativated_Carbon 3 . 2010 Target
828 mmvmm el et — - — o —_ 028 m By e P 2 2 2 S 02 sy —_—— ——
= owder_MOFS -~ - + F e
z . 72010 DOE Tech Target 2 B
2 4 Comp_0.32gcc_MOFS i 26 *
¢ Comp_0.52gcc_MOFS ¢
24 24
o 50 100 150 200 250 300 0 50 100 150 200 250 300
Full Tank Pressure [bar] Full Tank Pressure [bar]
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Accomplishment

Adsorbent Barriers and Approaches

e System Cost

e Low Pressure Type | Tank
e Low cost BoP component identification

MOF-5 Cost Analysis
Oct. 2011

Production Amount

1,000 10,000 30,000 80,000 130,000

Total Costs 16,687 703l 3,176 4,113 3,690
s/kwh

Item 1,000 _10,000 _ 30,000 _ 80,000 130,000
Tanks 1,837 1,578 1,470 1,381 1,340
Media 6,820 1,834 1,026 6432 520
Media Cost/kg 367 a9 55 34 28
Balance of Plant 5,136 2,426 1,804 1,426 1,264
Assembly 2,894 1,713 875 664 567 261

1) HSECoE

[0
EL
s

BODAL SOLUTION M

SRR
=B =

TINE=L

swwie Cylinder wall
- 068678 ; )

s material at design stress level

X . w5z
Hemispherical 4654
ends at lower

stress limit

m

Contours of von Mises
(equivalent) stress.

10074 12771 15467 18163 20859
1Lz 14119 16815 19511 22007

Tank Wall Mass {(kg)

|—316 Stainless Steel — B0G1-TE Aluminurm

0 20 40 60 80 100 120 140 160 180 200

Temperature (K)
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Accomplishment

Adsorbent System Projection of Progress

0.090

0.080
Ultimate Target

Compromises in Gravimetric Density

need to be made to make advancements
in Volumetric Density and Cost e

0.070

0.060

0.050

/

zj\e.

0.040

0.030

>
w
9]

Gravimetric Capacity [kg Hz ysapie / K9system]
|
aseline System

E

F

s YV
2
£ 350 o
Ke)) 2
2017 Target = g
S (300 9
b b 2010 Target
2010 Target § -
o (250 @&
-
°
£
2 |200
(o)
G H | ) > A B C D E F G H | )

(1) HSECoE

e | mmeee

A

vy]

T @@ m m O O

(S

Phase 1 Baseline — Activated Carbon in a Composite Tank; Flow-Through Cooling with a
Resistance Heater; Full Conditions of 80 K, 200 bar

Change Material to Powdered MOF-5

Change Full Tank Conditions to 40 K, 60 bar

Change Tank to Type | Aluminum (lower cost)

Change to Compacted MOF-5 (0.32 g/cc)

Increase Compacted MOF-5 thermal conductivity by an order of magnitude
Change from Flow-Through Cooling with a Resistance Heater to the M.A.T.I.
Reduce mass and volume of BOP components by 25%

Improve material capacity by 10%

33
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Accomplishment

Initial System Cost Projections

 Developing bill-of-materials for 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

« Compared costs with direct material models and other benchmarks

HSECoE System Comparison ($/System)

$7,982

8,000
7,000
6000
5,000 17 44,103

500k Units

Assembly

B Balance of Plant

M Valves
$2,871

B Hydrogen Cleanup
B Media

H Tanks

4,000 1~
3,000 +
2,000
1,000 +
AB SA

o

MOE-5 Pacific Northwest

NATIONAL LABORATORY

$23/kWh $43/kWh

@ HSECoE

$15/kWh

HSECoE

higher <

cost

TIAX
higher <
cost

V

}

MOF System Cost Comparison

5200 B Carbon Fiber Vessel
HSECOE

$150 7 Only W MOF Media

$100

O Cryogenic Fill Tube

5
5
~ I
‘ ‘ OHeat Exchanger
$

i M Liner & End Fittings
5{50) T
3 O Flow Controller
$(100) T
1 W H2 blower
${150) 1| e
s200) - 3 Co MLV
Tiax
se2s0) H 2 only B Check Valves
= B Temperature Sensor
$(300)
$(350) O Pressure Gauges

Comments / Observations

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

agomne® @ L/ 28 A

STRATEGIC ANALYSISY

o~ owbd
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Accomplishment

FMEA (Failure Modes and Effects Analysis)

e FMEA Completed for both Adsorbent and
Chemical Hydride Systems

e Considered for deployed system

e Severity

e Probability of Occurrence

e Probability of Detection

e Risk Priority Number

Actions +Check @ v ALURE WODE AND BEECTS ANALYSIS L2 2
Risk priority number (RPN) = Stepl: Detect a a— uE - E T
SEV*OCCUR*DETEC failure mode What -
- Design Changes
N Proces: ge
5 Special
_‘:':___ {7 - Changes to
Step#: Detection Step2: Severity L)~ decs > S‘??'gmds’
number (DETEC) number (SEV) Tt R CEE
[ X
- How can
i this be
“Vstep3: Probability % sed?
number (OCCUR) How good
1) HSECOE TS
it?
I [
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Accomplishment

FMEA Results

Adsorbent System

RPN Rating
H

[[] values due to insufficient

controls

Chemical Hydride System

800

700

600

RPN Ratings

High RPN values due to insufficient

material properties

Cause

200
HHH“H 0 L
L. I,
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 100103106109 Potentia| CBUSE / Mechanism Of Failure
Potential Failure Mode (RPN) Actions Potential Cause | Failure Mode (RPN) Actions

Material release
rate insufficient
due to
inhomogeneous
materials at end of
life

Hydrogen supply unable to achieve full flow
rate (720)

Storage system only accepts partial fill (630)
Storage system on-board efficiency < 90%
(560)

System only supplies partial capacity (560)
Storage system fills in > 3.3 minutes (450)

Consider a vibration test

Need to evaluate bed packing
Use system models to evaluate
sensitivity of contact resistance

Not able to charge
supply fuel due to
the plugged
plumbing (8)

System unable to supply hydrogen (320)
Hydrogen supply unable to achieve full flow rate
(320)

Storage system only accepts partial fill (280)
Storage system does not accept fuel (280)

Need to evaluate low temperature
properties of the media

Add settling/flocculation test for
evaluating clogging

Type IV tank liner
incompatible with
adsorbent or in-

service activation

System unable to contain hydrogen due to
component rupture (700)

System exceeds allowable external leak rate
limit (700)

Consider in-service process and evaluate
the HDPE out-gassing

Incomplete phase
separation (8)

Hydrogen supply pressure below 5 bar (320)
System only supplies partial capacity (280)
Storage system on-board efficiency < 90% (280)
System only supplies partial capacity (245)

Assess the separator effectiveness and
quantify the hydrogen in spent fuel

Material release
rate insufficient
due to impurities

Hydrogen supply unable to achieve full flow
rate (640)

Storage system only accepts partial fill (560)
Storage system fills in > 3.3 minutes (400)

Add a cycle test with spec hydrogen at
the limits of J2719

Volume
displacement from
solids build-up in
bladder tank (7)

Storage system only accepts partial fill (294)

Lab scale test of pressurizing the slurry

Fuel cell system
requires higher
delivery pressure

System only supplies partial capacity (560)

Need to confirm with the fuel cell tech
team regarding the probability of the min.
pressure increase

Filling receptacle
allows air exposure
to fuel (7)

System exceeds allowable external leak rate
limit (280)

Need to evaluate the system effects to
air exposure

1) HSEGoE

Incomplete reaction
of the media (7)

Hydrogen supply pressure below 5 bar (320)
Storage system on-board efficiency < 90% (245)

Evaluate if material build-up within the
reactor can still provide heat transfer

BOP components
fail to close (7)

System exceeds allowable internal leak rate
limit (280)

Include BOP components in bench
tests and evaluate cycles

20




Accomplishment

New Updated WEB Site Launched

@ Hydrogen Storage Engineering

CENTER OF EXCELLENCE

Home

Available

List of Models

@ Hydrogen Storage Engineering

CENTER OF EXCELLENCE

n Partners Appro

Models

e iydrogen Storage Enginserng Center of Excellence (HSECoE]
Nation's depeadcac on forcign cacrgy sowces by changing the way
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1) HSECOE

@ Hydrogen Storage Engineering

CENTER OF EXCELLENCE

Models

> News
What s the metal hydride AE?

» AE Madel

The MAERC
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Future Work

e Chemical Hydride System
e Improved Slurry/Solvent Compositions/Properties
e Improved Chemical Trap Properties
e Flow Through Reactor Design and Evaluation
e Gas/Liquid Separator Evaluation
e Adsorbent System
Media Compaction/Characterization
Advanced HX System Evaluation
Advanced Insulation Evaluation Cryogenic Adsorbent System

o
@
o
e Cryogenic Materials Evaluation

e Phase 3 Preparations
e Construct Phase 3 Test Facilities
e Design Phase 3 Test Protocols

@ HSECoE 38



Metal Hydrid S {
Gravimetric ~ Density
Start Time to Full Flow (200C), 1002 Min. Delivery Temperature

Conclusion

 None of the media considered to
date will allow systems to meet
all of the DoE technical targets
simultaneously but most can be
met.

 Chemical Hydrides and
Adsorbent Systems hold the
highest near term promise of
approaching the DoE 2017
Technical Targets. Adsorbent System

 Chemical Hydride transport is
facilitated by incorporation into
a liquid via slurry or dissolution.

(1) HSECOE




(1) HSECoE
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Technical Back-Up Slides



Materials Properties

Materials Catalogue Developed
: 0 4®
Materials Performance Models | And Deployed on SharePoint™

o | et iabes 1 e 1 el s 1 Chsege 1 Dais 1 —

pxpl - | (CF0

RT

R —

Chemical Hydrides:

dr
P B
@ Xp| — E @ (C@ —
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Metal Hydrides:
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100077 (K
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1753096 02502 1. 1803136 02502 -1.9354%| 1617988 02502 -1.0544%| 16.09648  0.2502 -0.2360%| 16.89712  0.2502 -0.8497%

17.54764  0.2669 18.04804  0.2669 -1.8973%| 16.19656  0.2669 -0.9632%)| 16.11316  0.2669 -0.1860%| 16.9138  0.2669 -0.8412%
18.09808  0.3169 -1.7472%| 16.2466  0.3169 -0.7530%| 16.1632  0.3169 -0.1363%| 16.96384  0.3169 -0.8062%
17.63104  0.3503
1814812 0.3670 -1.6433%| 16.29664  0.3670 -0.5609%| 16.21324  0.3670 -0.1145%| 17.01388  0.3670 -0.7752%
1769776 04170 -09523%| 18119816  0.4170 -14978%| 16.34668  0.4170 -04244%| 16.26328  0.4170 0.1106%| 17.06392 04170 -0.7626%
[} 17.7478 04670 -0.9476%| 18.2482  0.4670 -1.3703%| 16.39672  0.4670 -0.3216%| 16.31332  0.4670 -0.1067%| 17.11396  0.4670 -0.7300%
c, p, p, [ R R] 17.76448  0.4837 -0.9553%| 18.26488  0.4837 -1.3166%| 16.4134  0.4837 -0.2920% 16.33  0.4837 -0.1207%| 17.14009  0.4932 -0.7160%
17.81452  0.5338 1831492  0.5338 -1.2012%| 16.46344  0.5338 -0.2467%| 16.38004  0.5338 -0.1029%| 17.18068  0.5338 -0.7035%
17.86456  0.5838 18.36496  0.5838 -1.0839%| 16.51348  0.5838 -0.2270%| 1643008  0.5838 -0.1209%| 17.23072  0.5838 -0.6653%

17.56432  0.2836 18.06472  0.2836 -1.8353%| 16.21324  0.2836 -0.8898%)| 16.12984  0.2836 -0.1681%| 16.93048  0.2836 -0.8108%
° ﬁ H 17.581  0.3002 18.0814  0.3002 -1.7892%| 16.22992  0.3002 -0.8283%| 16.14652  0.3002 -0.1322%| 16.94716  0.3002 -0.8225%
c 17.59768  0.3169
L] oo 17.61436  0.3336 1811476  0.3336 -1.7272%| 16.26328  0.3336 -0.6837%| 16.17988  0.3336 -0.1363%| 16.98052  0.3336 -0.7899%
1813144  0.3503 -1.6773%| 16.27996  0.3503 -0.6084%| 16.19656  0.3503 -0.1324%| 16.9972  0.3503 -0.7856%
L] L] 17.64772  0.3670
) P h ys I ca I P ro pe rt I es 17.6644  0.3836 18.1648  0.3836 -1.5775%| 16.31332  0.3836 -0.5055%| 16.22992  0.3836 -0.1065%| 17.03056  0.3836 -0.7710%
17.68108  0.4003 1818148 0.4003 -1.5317%|  16.33  0.4003 -0.4699%| 16.2466  0.4003 -0.0986%| 17.04724  0.4003 -0.7749%
17.71444 04337 -0.9600% 18.21484  0.4337 -1.4659%| 16.36336  0.4337 -0.3750%| 16.27996 ~ 0.4337 -0.1026%| 17.0806  0.4337 -0.7384%
17.73112 04504 -0.9438%| 18.23152  0.4504 -1.4161%| 16.38004  0.4504 -0.3453%| 16.29664  0.4504 -0.0947%| 17.09728  0.4504 -0.7422%
17.78116  0.5004 18.28156  0.5004 -1.2906%| 16.43008  0.5004 -0.2802%)| 16.34668  0.5004 -0.0988%| 17.14732  0.5004 -0.7198%
17.79784  0.5171 18.29824  0.5171 -1.2410%| 16.44676  0.5171 -0.2604%| 16.36336  0.5171 -0.1028%( 17.164  0.5171 -0.7037%
17.8312 05504 18.3316  0.5504 -1.1674%| 16.48012  0.5504 -0.2467%| 16.39672  0.5504 -0.0989%| 17.19736  0.5504 -0.6914%
17.84788  0.5671 1834828  0.5671 -1.1216%| 16.4968  0.5671 -0.2349%| 16.4134  0.5671 -0.0909%| 17.21404  0.5671 -0.6794%
17.88124  0.6005 -0 1838164  0.6005 -1.0560%| 16.53016  0.6005 -0.2152%| 16.44676  0.6005 -0.1029%| 17.2474  0.6005 -0.6731%
17.89792  0.6172 -0 18.39832  0.6172 -1.0143%| 16.54684  0.6172 -0.2192%| 16.46344  0.6172 -0.1069%| 17.26408  0.6172 -0.6690%
17.9146  0.6338 -0. 18.415  0.6338 -0.9726%| 16.56352  0.6338 -0.2192%| 16.48012  0.6338 -0.0910%| 17.28076  0.6338 -0.6529% 42
17.93128  0.6505 -0.9374%| 18.43168  0.6505 -0.9567%| 16.5802  0.6505 -0.2192%| 16.4968  0.6505 -0.1070%| 17.29744  0.6505 -0.6569%
17.94796  0.6672 -0.9372%| 18.44836  0.6672 -0.9150%| 16.59688  0.6672 -0.2153%| 16.51348  0.6672 -0.1030%| 17.31412  0.6672 -0.6369%




Storage System Modeling

Detailed FEM Thermal/Mass Analysis = Lumped Parameter Models
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System Concepts
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Integrated Model Framework
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