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Overview

----------------------------------------------------------------------------

Timeline

« Start: October 1, 2015
* End: September 30, 2018

* 80% Complete (as of 5/1/18)
o $950,000 Spent (as of 5/1/18)

Budget

* Total Project Funding: $1,100,000
o FY16 Funding: $336,000
o FY17 Funding: $389,000
o FY18 Funding: $375,000
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Relevance

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Collaborative effort to manage, update, and enhance
hydrogen storage system models developed under the
Hydrogen Storage Engineering Center of Excellence
(HSECOE).

« Transfer engineering development knowledge from HSECoE on to
future materials research.

« Manage the HSECoE model dissemination web page.

« Manage, update, and enhance the modeling framework and the
specific storage system models developed by the HSECOE.

» Develop models that will accept direct materials property inputs
and can be measured by materials researchers.

« Ultimate Goal: Provide modeling tools that will be used by

researchers to evaluate the performance their new materials in
engineered systems relative to the DOE Technical Targets.




Relevance - Barriers Addressed with Models

..............................................................................................................................................................

Model Addressing Barrier

A. System Weight and Volume System Estimator
B. System Cost Tank Volume/Cost Model

C. Efficiency Framework Model
- On-Board Efficiency
- Fuel Economy

E. Charging/Discharging Rates Framework Model

- Drive cycles

|. Dispensing Technology Framework Model

- Initial and Final System
Conditions

K. System Life-Cycle Assessment  All Models

We put science to work.™ 4



Relevance - Challenge to Materials Researchers: Evaluating

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Materials Relative to the DOE Technical Targets

Materials
Research

H, Capacity
Thermodynamics
Kinetics
Adsorption Isotherm

Use Material
Properties to
Estimate DOE
Technical Targets

DOE Technical Targets
Gravimetric & Volumetric Capacity
urability & Operability

Operating Temperature and Pressure

On-Board Efficiency
Charging/Discharging Rates
Startup

Refueling
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Relevance - Original Framework Does Not Provide Entire

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Solution

Materials
Research

H, Capacity
Thermodynamic
Kinetics

Adsorption Isotherms

Modeling Framework

Top-level vehicle model

Hydrogen Storage Engineering Center of Excellence

.. e ]
e e ]
Ty e N—— ol M -
el R |

DOE Technical Targets

Gravimetric & Volumetric Capacity
Durability & Operability

Operating Temperature and Pressure

On-Board Efficiency
Charging/Discharging Rates

Startup

Refueling
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Relevance - Focus: Improve Model Utilities for Materials

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Researchers

Materials Improved
Research Website
. Isotherm
H, Capacity ‘ o
Thermodynamics Flttlng TOO' P e T—
KI netiCS ED HSECoE Hydrogen Vehicle Simulation Framework
Adsorption Isotherms DA Parameters e
l Modeling Framework = oo
Top-level vehicle model e s e B e d
: el —
Sta n d Al O n e Hydrogen Storage Engineering Cenler of Excelience e — . N -
System Design e [[E2. 5 =2 & 4
Tool : ~I“Improved GUI! :
OO S - "Tﬂn-:d —-- ISR Swveresits | Genersta shpioss | !
Component and _— S M| —— ey
System Mass & e B e = «:%
Volume = e
Sm——EY S —
Stan lone

Vallies

DOE Technical Targets

Gravimetric & Volumetric Capacity
Durability & Operability
Operating Temperature and Pressure

Estimated Gravimetric
On-Board Efficiency

& V°|umet”c CapaCIty Charging/Discharging Rates

Startup
Refueling
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Approach - Modeling Tools Available / In Progress

..................................................................................................................................................................

SRNL
Tank Heat and Mass Transfer Models
SRNL

Finite Element Models:

 Metal Hydride (MH)

» Adsorbent (AD) - HexCell

» Adsorbent (AD) - MATI
Framework Model with:

* Physical Storage

 Metal Hydride (MH)

« Chemical Hydrogen (CH)

« Adsorbent (AD)

« Compressed/Cryo-Compressed H,
Stand-alone System Design Tool:
« Adsorbent (AD)

« Chemical Hydrogen (CH)
 Metal Hydride (MH)

« Compressed/Cryo-Compressed H,
Additional Tool / Models:

* MH Acceptability Envelope

» Tank Volume/Cost Model

» AD Isotherm Fitting Tool

SRNL

UTRC/NREL
UTRC/SRNL/NREL
PNNL/NREL
SRNL/NREL
SRNL/NREL

SRNL
PNNL
PNNL
SRNL

SRNL
PNNL

SRNL

Completed

Estimate performance of light-duty
— vehicles with four drive cycles for
each storage system

In Progress

Updated
Updated
Completed
In Progress

Evaluate Material Properties
Estimate tank material, design and cost

Completed, working on Version 2
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Accomplishments and Progress — Improved Website Access and

Support

HSECoE website: Improved model access/description

http://hsecoe.org/ r 40

@ Hydrogen Storage Engineering
CENTER OF EXCELLENCE

Model Support and
Feedback:
HSECoE@nrel.gov

g5 Techhic

Hydragen Vehicle Simulation Framewark

@- Hydrogen Storage Engineering y / _.

CENTER OF EXCELLENCE

What is the Metal Hydride Acceptability Envelope (AE)?

b AE Model

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

MHFE Model

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

Hydrogen Storage Tank Mass and Cost Estimation Model

CH Storage System Design - Standalone

Adsorbent Storage System Design - Standalone

T Bydrogen Starage Engimmesing Canbar o Excellanon [HSECCE) is working ta kelp Downloads
rduce ooy Hation's dependance on fooeign energy sowrces by changing the way we power
o7 cars, homnes, amd bsinesses. The HSECAE was selected gl a compatitive, merit
savisned solisilabinn proekss by DOE.

Model Support and Feedback

Tha Cantur addrasias U
sigmifiean engivesring challenges
waccisted with devalapig lrmss-
prsne, matenak-basd,
Inpdiegem sicrage systeens far » News
Mopdecgun fad coll and intarnal

combusticn eugne Eght-duty

rmhices

Publications, Presentations and Model Verification

This projct 5 wearporatad inbo
the DOE's Fuel Cell Teckmology
Fragsam, whick cansbls of
applied reseanch and development
activities, comacted fhmragh Cerer of Excellance maberish and engmering teams, and
indapandan projests foosiag on eaterals wnl coneapts, tasting, and systass analpiis.

e — Home Mission Partners Approach Technology Areas Progress Technical Gap Models Contact

ENERGY @

Mome Misan Patns Approach Tuhnology Ams Progas Techoied Gup Mok Contast

@ Rt gen Stomg Bngmeermg Center of BeDence | # 3011 Al Baghae Brsamed
3 Dot Scimattc

Hydrogen Storage Engineoring Genter of Excellence | & 2011, All Rights Reserved
Powered by Seintific Computing | SRNL

Coaping | FRFL
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Accomplishments and Progress — Stand-Alone Design Tools

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Estimate All Input Parameters Needed for the Framework

Design Tool Benefits:

 Availability (No Simulink license required)

* Uses inputs measured by materials researchers to
calculate Framework parameters

« Estimates system mass and volume for preliminary
comparison to the DOE Technical Targets

« Can be run separate or can be run as a GUI within
the framework

We put science to work.



Accomplishments and Progress - Chemical Hydrogen (CH)

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Stand-Alone System Design Tool
Additional capability this year

* Volume-based vs. Original useable H,-based estimate

* Use calculated useable H, in Framework to estimate vehicle

range
700

Vehicle Range {miles)
s 8 8 8 8

3

0 50 100 150 200 250 300
Storage System Volume (L)




Accomplishments and Progress - Adsorbent (AD) Stand-Alone

..................................................................................................................................................................

System Design Tool

Updates and Additional Capability this year

 Extended system design options to room temperature and
cold-gas temperature system design options

o With original cryogenic temperature system operation
 UNILAN-based system design formulation (In Progress)

o With original Dubinin-Astakhov (D-A) system design
formulation

- Total H, storage system volume-based system design
o With original useable H2-based system designs

* Use estimate system design parameters within the Framework
to estimate vehicle performance

We put science to work.™ 12



Accomplishments and Progress — Representative Results for ADS

Adsorbent Material Gravimetric Capacity | Volumetric Capacity
[gHZ/gsys] [gHZ/LsyS]

MOF-5 Powder [130 kg/m?] 0.0338 g,,,/8,, 18.6 g,,,/Ls,s SRNL / HSECOE
MOF-5 Compact [406 kg/m?3] 0.0314 g,,/84 21.3 g/ Ly SRNL / HSECoE
MOF-5 Powder [200 kg/m3] 0.0332 g,,/84s 19.6 gp/Lyys SRNL / HSECoE
UMCM-9 Powder* [200 kg/m3] 0.0345 g,,,/8.,, 20.5 g/ Lyys Ford / U. of Michigan
MOF-177 Powder* [200 kg/m?3] 0.0340 g,,,/8,s 20.2 gyp/Lyys Ford / U. of Michigan
SNU-70 Powder* [200 kg/m3] 0.0341 g,,,/8,s 20.2 gyp/Lyys Ford / U. of Michigan
DUT-23 (Co) Powder* [200 kg/m?3] 0.0340 g,,,/8,s 20.2 g,/ Ly Ford / U. of Michigan
IRMOF-20 Powder* [200 kg/m?3] 0.0336 g,,,/8,s 19.9 gy»/Lyys Ford / U. of Michigan

*Special thanks to Ford and the University of Michigan for sharing their data.

E I'SNIVERSTTY OF

System DESign Assumptions: MICHIGAN

o Operating Conditions: 80 K, 100 bar to 160 K, 5 bar

5.6 kg of usable hydrogen (~5.71 kg of actual hydrogen storage)

Type 1 aluminum pressure vessel

LN, pressure vessel chiller channel thickness of 9.525 mm

Uniform insulation thickness of 23 mm, with a 2 mm outer aluminum shell

@)
@)
@)
@)
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Accomplishments and Progress — Metal Hydride (MH) Stand-

..................................................................................................................................................................

Alone System Design Tool

Predict the mass and volume of a MH-based H, storage system for
light duty vehicles

 Developed in MATLAB and converted to an executable file.
» Microsoft Excel Input and Output

o Input parameters: H2 capacity, Cp, density, AH, AS, k

o Results: System mass and volume, tank length and volume
* Design Tool Steps:

o van’t Hoff equation determines if fuel cell waste heat can be
used (~85°C) or hydrogen combustor is required for > 5 atm
equilibrium pressure requirement

o MATLAB MHAE estimates cooling tube spacing required during
refueling (5 minute refueling)

o Calculate total mass and volume of tank interior (MT + tubes)
o Tank Cost/Volume Model (estimates thickness and mass of tank)
o Include mass and volume of BOP (with/without combustor)

@ Savannah River National Laboratory -
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Accomplishments and Progress — Input Information for MH Stand-

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Alone System Design Tool

Name
hydcap
kbed
rhobed
dH
ds
dHcombust
WH2
Rgas

Name
dmH2
d_tube
th_tube
dT
PH2hi
PH2lo
HemObl

Type

L/d
Ltube
dtank
dt
Vessel
th_Ins
eff

Material Properties
Description

0.08 decimal fraction Hydride Carrying capacity

Value Units
6 W/m-K
600 kg/m~3
-30000 J/mol
-110 J/mol-K
241950 J/mol
0.002 kg/mol
8.314 J/mol-K
Value Units
5.6 kg
0.01 m
0.00089 m
45 K
100 atm
5 atm
1 option
1 option
4 decimal fraction
0 m
0 m
300 seconds
0 option
0 m

0.7

decimal fraction
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Thermal Conductivty of Hydride Bed
Density of Hydride Bed

Enthalpy per mole H2

Entropy

Enthalpy of Combustion H2

Molar Mass H2

Universal Gas Constant

System Parameters
Description
mass of hydride to add to tank
Coolant tube external radius
Coolant tube thickness
Acceptable hydride temperature rise during refueling
Upper Hydrogen Operating Pressure
Lower Hydrogen Operating Pressure
Hemispherical endcap option
Material Option 1 = 6061-T6 2 = 316 SS 3 = Composite Type I
(AL liner) 4 = Composite Type IV (plastic liner)
Desired Ltank over dtank Enter Zero to Calculate
Desired tank length Enter O to calculate
Desired tank inner diameter Enter O to Calculate
Target Refueling time (300 s = DOE 2020 target)
design only tank = 0, no insulation
Insulation thickness
Combustion Efficiency if required

We put science to work.™



Accomplishments and Progress — Output Results for MH Stand-

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Alone System Design Tool

Model Operator Interface

- ™

4  Storage System Design = %

Input File: CAProgram Fles\PHNNLWHStorage Sys\application HFSST_input xisx

Output File: Clsers\d3gSosDeskiopioutput xisx E]

IR [ remow | [ coomone | [

Results Excel Table

System mass (kg) 192 .

System Diagram
System volume (m3) 0.249

Regulator
Combustor y=1/n=0 0 Anode | Ik
Cathode
Mass H2 Burned (kg) 0 — FCUZTSZI: m—@—
Tank Outer Diameter (m) 0.413 Hydride
Air bed
Tank Length (m) 1.96 Q 4
Number of coolant Tubes 56 —Q g = g
2 Pump

Total Hydride Mass (kg) 70
Percentage of DOE 2020 Gravimetric Target (%) 64 «
Percentage of DOE 2020 Volumetric Target (%) 75
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Accomplishments and Progress - Integration of the Updated MH

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Model into the Full Vehicle Framework

« Perform beta testing of the MH design tool, produce an executable file,
and upload onto the HSECoE website with appropriate documentation

+ Update MH storage system in framework to allow alternative material
evaluation

o Currently a generic model with 30 kJ/mol enthalpy and only fuel cell
waste heat required for dehydrogenation

B Fgur 1 venice simulsion ramevers. NN I ol
@ HSECoE Hydrogen Vehicle Simulation Framework

=

Select sto system MH-GHRsv3 e __ '._ | Framework diagram ‘ [ System diagram
’E&neric metal hydride model enydrogenation. Mote that the en g Wﬂ that the fuel cell waste heat can be used for the dehydrogenation. -
Running scenario Storage system variables - Single run
Auxiiary loads KW 02-20 [o7 Inert weight fraction = ©-04) [p4
Test case | Combustor efficiency - (©5-1) [pg | Refueiing fraction achieved - ©5-1 |pss |
|1 Fuel economy test (UDDS=HWY... | s youme L @-200) | Refueiing pressure bar  (60-110) 100
Hydr. crystal density kg/m3  (S00-7000) |gsq415| Refusing temperaturs c (-20-50) |3g7
Rungimulatﬁaﬁ | | Hydr. weight fraction - 001-02) [g19
Hydride mass kg (1-400) |gs
| | Hytiride void fraction ) ©2-08) o3 [Weigl‘rt fraction of pure hydride before adding inert material |

@ Savannah River National Laboratory -

OPERATED BY SAVANNAH RIVER NUCLEAR SOLUTIONS




Accomplishments and Progress - Vehicle Framework GUI

I Figure 1: Vet smatation Sarmiwork e

@ HSECoE Hydrogen Vehicle Simulation Framework MH System Design - In Pro g ress
i e e s LI i I e Cryo Compressed Design -InP rogress

Vehicke Level Vani

(L SChaT B3-B v i - i i
Adsorbent System Design Public version
1 Fost poonomy seat (ODSHAY._ ™| Sarage syslem vatiables - Sa . .
Ligas r fees uee iy = @13 prpes M Syatem Depign u_l ummsi -
I Rinsmdasen Y . o commacun | ¥ Public version
Frests s L Adusiment Syviem Design

e e -

Results (at end of samuation)

HZ dudrmred g Pressue .
g - i Bl CH_SystemDesign - X
Usable HZ g Calcolated g g :
——— - Cateuinted al P[OpEﬂIES Load ||'|E|.|t$ | \inputs\ch_ab_slurry_Default. mat Save
S-!:.’Iqt Ay S0 wloeh L Tank st MW_CH 308 x—ln ert 05
Graimatac capaciy = slurry 1 Cp_CH 2G4 Name: CH-AB Slurry Exothermic
Wolumang CRpaCity oL
®_H2 0.152 1848 -
On-baard aficuancy % Description: ) )
Temperatute ¢ n_rxn 1 774 Exothermic Ammonia Borane slurry system
SRS Sove resuts PRt 17981 780 :
Betal 2,355 Model Parameters— —— Design Parameters
Al 244 rho_P ExoEndo 1
= 29900 - R p ctor Length (m] 0.403
m_im| Kinetic:
i - lliast Tank Volume (m3] 0.0140877
ni 3.1 A_imp . .
Mass Chemical Hydride (kg) TT.56823
DH_rxn_2 0 MW_imp . . .
Fraction Chemical Hydride 05
BetaZ 0 ppm_imp2 .
) Pressure Set Point (bar] 25
AZ 0 A_impZ 0.35 . .
Liquid Radiator Length (m] 1.53487
E2 0 MW_imp2 205
n
! Impurity 1 Conc. (ppm] 500
= e Impurity 2 Conc. (ppm 2000
Operating Conditions = L
Endothermic Flag (1=yes] 0
UsableHZ 58
Recuperator Laas
Power 25
TotalVolume 0.143385
Powerfve 15
TotalMass 131172
Psat 25
0Q_heater 2000
System Diagram | Storage Volume
Design Documentation |/ General Documentation _ and Mass Out (o]0 ts
el
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Accomplishments and Progress - Chemical Hydrogen Storage

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Variables/Settings Stored in the Matlab files

Example filename: ch_ab_slurry_sys.mat
Stores Matlab structure variable, HS, with info needed to run in Vehicle Framework

Variables - HS — O > Variables - H5.DesignParams — O x
WARIABLE VIEW
| HS ¥ | HS5.DesignParams | | HS  __ HSDesignParams |
1x1 struct with 12 fields 114 ruct with 3 fields
Field = Value ds Marme EE| Value Description
abe| MName 'CH-AB Slurry Exothermic’ 1 'Reactor Length (m)' 0.40230'Reactor Length (m)' "~
2q BlockChoice 'PNNL Exothermic AB Slurry’ 2 ‘Ballast Tank Volume (m3)’ 0.0141 'Ballast Tank Velume (m3)’
22d DiagramFile ch_ab_and_alane_slurry_diagram.p 3 ‘Mass Chemical Hydride (kg)' 77.5623 'Mass Chemical Hydride (kg)’
abe| Description ‘Exothermic Ammmonia Borane system’ : i . : i .
- InitScriptFile 'CH_RunlnputFile.m’ 4 'Fraction Chemical Hydride' 0.5000 'Fraction Chermical Hydride'
£| MatProps 27 struct 5 'Pressure Set Point (bar)' 25/'Pressure Set Point (bar)'
£| OpCond Ix struct B ‘Liguid Radiater Length (m)' 1.5347'Liquid Radiator Length ()’
£l M Ix2 struct 7 'Gas Radiator Length (m)' 0.7082'Gas Radiator Length (m)'
Sized T 3 Irnpurity 1 Conc, (ppm)’ 500/ [rnpurity 1 Cone. (ppm)’
1x14 firuct , . . . . .
i e 9 Impurity 2 Cenc. (ppm] 2000 Impurity 2 Conc. (ppm)
OutVars 153 struct 10 ‘Endeothermic Flag (1=yes)' 0/'Endothermic Flag (1=yes)'
1 '‘Recuperater Length (m)’ 0 'Recuperator Length (m)'
< ? 12 TotalVolume' 0.1434 Total Volume (m*3)'
13 "TotalMass' 1311720 "Total Mass (kg)'
14 ‘flag' 0'"1=too het, 2=reactor too long'
1E b
< >
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Accomplishments and Progress - Adsorbent System e

----------------------------------------------------------------------------------------------------------------------------------------

Design Tool in the Framework

. Ads_SystemDesignGUI
Load System | Ninputs\Cryo_Adsorbent_HexCell_Default mat Save |
|f'4')|.!t5— Description: Cryoadsorbent system based on MOF-5. Cooling during refuel is done either with a microchannel heat exchanger (MATI) or with flow
s 1e+07 Results: Qutput values s
Pf 500000 5.7143 kg_H2 Total hydrogen stored
T | &0 System_mass 113.3459 kg Total H2 Storage System Mass
T 160 System_vol 281.2933 L Total H2 Storage System Volume
HZusable 56 2.6646e+03 5 Total Projected H2 Storage System Cost
type_Ads 1 0.0494 g_H2/g_sys System-based gravimetric capacity
Temp_Op 1 Save Results to Excel l Vol_Cap 19.9080 g_H2/L_sys System-based volumetric capacity
alpha 2805 13 Rank 7.4559 Overall system rank based on mass, volume, an
beta 152912 Input values
- 2 Pi 100 bar InitiaVFull tank pressure
R r s Ti 80K InitialFull tank temperature
PO — System Dlagram ‘ Pf 5.5000 bar anaVEmpty tank pressure
L Tf 160 K FinaVEmpty tank temperature
L B ﬂ'b H2usable 5.6000 kg_H2 Target usable hydrogen
i “-U‘”G“] ;"‘E ds/m3. D.A. Parameter — Bulk Density of the MOF-5] [[YPe_Ads Type of adsorbent/HX: 1) PowderHexCel, 2) C
Vv 0.00 a— Temp_Op Operating Temperature: 1) Cryogenic Operation
k 0.3 alpha ; 3 Jimol_H2 D.A. Parameter — Enthalpic contribution to the cl
Cp 780 beta ; Jimol_H2/K D.A. Parameter — Entropic contribution to the ch
Ads_Cost 118 m D.A. Parameter — Exponential constant for adso
th_ins . 0.026 nmax : I_H2/kg_ads  D.A. Parameter — Maximum H2 loading of the en
th_LN2 o D ' PO D.A. Parameter — Pseodo-saturation pressure (
TType 4 rho_ads m*3 D.A. Parameter — Bulk Density of the MOF-5
Va ads D.A. Parameter — Adsorbed volume per mass o
Vv i volume per mass of adsi
Design Documentation | General Documentation | * Storage Volume and e adsorbent =

Mass Outputs |

@ Savannah River National Laboratory -
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Accomplishments and Progress — Metal Hydride Tool Integration

I T I I O N O O T

with the Vehicle Framework

B WH Storage System Design - *
Input File: Edit Text
Output File] CASamiHZStorage\PHNL Files\MH Standaloneloutput xlsx
L]
Input file [FASEGRR | siwenveven | ooorenen [N Output file

A | B | C | D
1 Metal Hydride Storage Design Tool Input Sheet A | B |
2 Material Properties 1 |System mass (kg) 192.6501
3 Name Value Units Description —
4 hydecap decimal fraction  Hydride Carrying capacity 2 5¥5tEm volume {mB} 0.249515
5 kbed W/m-K Thermal Conductivty of Hydride Bed _
6 rhobed kg/ma3 Density of Hydride Bed 3 — CambUEtDryr—lfn:-D 0
7 |dH J/mol Enthalpy per mole H2 4 |Mass HZ Burned {kg} 0
8 ds J/mol-K Entropy B .
9 |dHcombust 241950|J/mol Enthalpy of Combustion H2 3 B Tank Outer Diameter {m} 0.413082
10JWH2 0.002|kg/mol Molar Mass H2 & TEF‘Ik LEF‘Igth {m} 1.963682
11 Rgas 8.314(1/mol-K Universal Gas Constant —
12] System Parameters 7 |Mumber of coolant Tubes 56
12 N Val Units D ipti -
14_d:1r:§ — ; ml:s::::; :\,(rt;ride to add to tank & |Total H"!I"drldE Mass {kg} 70
150r Coolant tube external radius 8 Percentage of DOE 2020 Gravimetric Target (%) 64.5961
16 th_tube Coolant tube thickness u .
17 |dT acceptable hydride temperature rise during refueling 1{}_ PEFEEF‘ItEgE of DOE 2020 Volumetric Target {%} 74.81179
18 |PH2hi Upper Hydrogen Operating Pressure
19 |PH2lo Lower Hydrogen Operating Pressure
20 HemObl option Hemispherical endcap option

Material Option 1 =6061-T6 2 =316 55 3 = Composite Type Ill (AL liner)

21 Type option 4 = Composite Type IV (plastic liner)
22_L,a’d decimal fraction Desired Ltank over dtank Enter Zero to Calculate
23 |Ltube m desired tank length Enter 0 to calculate
24 dtank m desired tank inner diameter Enter 0 to Calculate
25 |dt 300|seconds Target Refueling time (300 s = DOE 2020 target)
26 Vessel 0|option design only tank =0, no insulation
27 |th_Ins 0|lm Insulation thickness
28 |eff 0.7|decimal fraction Combustion Efficiency if required
29
30
31 |Options that can be left at the default values
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Accomplishments and Progress — Model Website Analytics

(through April 2018)

Sessions *  v5.  Select a metric

Hourly | Day Week Month

@ Sessions
a0
40
July 2017 October 2017 January 2018 April.
M New Visitor B Returning Visitor
Users New Users Sessions

Sessions = 10 sec

422

B

Number of Sessions per User

Sessions = 10 sec

1.34

Avg. Session Duration
Sessions = 10 sec

00:06:41

e

@ Savannah River National Laboratory -

Sessions = 10 sec

383

e ———

Pageviews
Sessions > 10 sec

3,304

\‘v__________!"_\----'_--..._

Bounce Rate
Sessions = 10 sec

0.00%

OPERATED BY SAVANNAH RIVER NUCLEAR SOLUTIONS

Sessions = 10 sec

967

e ——

Pages / Session
Sessions > 10 sec

2.83

e —— e ——




Accomplishments and Progress - Model Website Analytics Web

------------------------------------------------------------------------------------------------------------------------------------------------------------------

25% of users go directly Largest fraction of subsequent
to modeling webpage interactions are to the modeling webpage

] o Starting pages 1st Interaction 2nd Interaction \gteraction
567 sessions, 49 drop-offs 518 sessiog peop.off 395 sessions, 1T, A 283 el

= /models.php
(i1

=% United Siates

— s ‘miodels php imodeis. php
= 245 i - 113 w

ﬂ fAechnologyareas.btml ']
36

i
W, i
' ftechnologyareas. himl
“’ By
“ {progress himi
fechnologyareas himi 35
W \
=p China
=+ 45 I iprogress.himi ﬁ e |
52 ] 27
Iprogress.himl
[ 5 |
=g Indiz
* 39 in ipartners.himl 1] .;p?af!ners i |
L | n Ipresentations.himi ]
37
=p Gemany {9 maore pages)
* 2 fission bl ltt
ii fpresantations. himl | ﬁ '32 | -i {9 more pages)
18 LT B
= Canada
21
— Frlere R | {9 more pages)
T 12&&.« 2 himl i .
= 130 " s
== (downlcad.php
LUt .
' (9 more pages)
52 ]

Website users are going to the model webpage

@ Savannah River National Laboratory We put science to work.
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Accomplishments and Progress — Model Website Analytics

DOWNLOADS
(Since AMR17)
H, Storage Tank Mass
and Cost Model IR 1)
MHAE Model 60 (14)
MHFE Model 92 (18)
Vehicle Simulator
Framework Model fehEl
CH System Design
Standalone nEfE)
Adsorbent System Design
@ Standalone L
MH System Design
Standalone Al

1 T 4

44 new downloads of the H2 Storage Tank
Mass and Cost Model since April, 2017.

@ Savannah River National Laboratory -

We put science to work.™
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Accomplishments and Progress - Survey on H, Storage Models

------------------------------------------------------------------------------------------------------------------------------------------------------------------

(December 2017)

 For each model: questions on usage frequency, value, issues

« Sent to email list compiled through hsecoe.org model downloads
o 229 unique recipients, 11 bounced, 24 responses
o 4 outside responders willing to work/share material data with us

Q1: In what type of setting are you using the hydrogen storage model(s)?

Answared: 24  Sloppad: 0

Most are using model(s) in Academic Setting
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Accomplishments and Progress - Survey Example Results for

Vehicle Framework

H2 Vehicle Simulation Framework

Q4: How would you rate the value of the model results?

dnswared: 4  Skppad: 20

Yeary High -
CAINCE] T

High
direcily use

Mediiim
I e H EET]

Low - Jusk
casual user




AMR Comments

.......................................................................

..........................................................................................

2017 AMR Comment 2018 Response/Approach

The investigators should recognize other
team members of the HSECoE that have
contributed significantly to the development
of these models. New model should be
vetted with the HSECoE team members.

The team should consider including raw test
data that have been collected by the HSECoE
partners.

It was not clear where and how different
heat removal strategies could be explored
within their models.

The lack of feedback from outside users is a
project weakness

Acknowledgments will be added to the web site,
presentations and papers. HSECoE team member have
been engaged on new model development throughout
the term of this project and that will continue as
appropriate.

Without permission from HSECoE partners, we cannot
post their raw test data. Assuming permission can be
obtained, a section will be added to www.hsecoe.org
where raw test data is made available.

The current models are written to evaluate hydrogen
storage materials. In the vehicle framework, the material’s
thermal conductivity and specific heat are used to
evaluate heat removal strategies in coordination with the
internal heat exchanger designs.

Evaluating materials from non-HSECoE members such as
HyMARC and other, for example:

-- Mike Veenstra, Ford Motor Co.

-- Don Siegel, University of Michigan

-- Jeff Long, UC Berkeley

Have also conducted a user feedback survey this year.

We put science to work.™
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Collaborations

NREL Team Member
SRNL Team Member
PNNL Team Member
Ford Consultant
RCB Hydrides
LLC Consultant
University of Material
Michigan Developer
Unlvgrsm-/ i Material
California Develooer
Berkeley P
Purdue Material
University Developer
Material
DAAHE Research

@ Savannah River National Laboratory -

Federal Lab
Federal Lab

Federal Lab

Industry

Industry

Academia

Academia

Academia

Federal Lab /
Collaboration

Update Website and Framework
Adsorbent and Compressed Gas Modeling

Chemical Hydrogen and Metal Hydride
Modeling

Beta Testing, Fuel Cell Model, Adsorption
Data

Beta Testing, H, Storage Expertise

Adsorption Data

Adsorption Data

Chemical Hydrogen Storage Reaction Rate

Material development

We put science to work.™
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Remaining Challenges and Barriers

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Increase the use of the models by material developers

o Expand the capability of the models to include other kinetic and
thermodynamic expressions

o Simplify the model use for non-modelers

Increase the use of the models by systems engineers

o Potential expansion of the model capabilities to other vehicle classes

Demonstrate the model’s utility to other researchers

o Applying the models to their applications

Find available data to validate the model

@ Savannah River National Laboratory We put science to work.

EEEEEEEEE Y SAVANNAH RIVER NUCLEAR SOLUTIONS



Proposed Future Work - Recent Past and Proposed Future

..............................................................................................................................................................

Milestones/Deliverables

Deliverable m

FY17 Update web models: Stand-Alone System Design Tools, Isotherm

Q3  Fitting Tool, GUI/framework. S el
FY17 :
Q4 Develop MH and compressed gas storage system design tools Complete
FY18 Provide update on web portal activity—web site hits and time on site,
: : Complete
Q1 web site use locations and model down loads.
FY18 Update Adsorbent and CH models with any newly available data from Complete
Q2 DOE program and/or the hydrogen storage research community. P
SMART Milestone — Alternative Storage System Formulations:
FY18 : " : In
Q3 Update the hydrogen storage equations for additional theoretical Progress
formulation(s). (i.e. Unilan or 2-state Langmuir)
FY18 Update models with any newly available data from DOE program and In
Q4 orthe hydrogen storage research community. Progress

Any proposed future work is subject to change based on funding levels
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Proposed Future Work — Next Steps in Model Development

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Include a vehicle-side refueling model within the framework to
address the forecourt requirements and their effect on refueling time
and energy needs.

* Include dormancy calculations in all adsorbent design tools.
» Convert Stand-alone Design Tools from .exe to Excel VBA tools.

» Continue to develop volume-based design to target specific vehicle
volume limitations/designs and/or, potentially, additional vehicle
classes

» Expand model to other vehicle platforms (medium and heavy duty
trucks, forklifts, buses, etc.)

« Work with Material Based H, Storage Developers to apply models to
their materials

» Maintain and enhance existing framework models and track web
activity and downloads

Any proposed future work is subject to change based on funding levels

We put science to work.™ 31



..................................................................................................................................................................

* Provide materials based hydrogen storage researchers with models
Relevance and materials requirements to assess their material’s performance in
an automotive application.

* Improve framework utility by bridging the gap between the
Approach information generated by the materials researcher and the
parameters required for the framework model.

* Developed system estimators for MH, CH, and Adsorbents.

+ System estimator used with framework GUI and as stand-alone
Technical executable.

Accomplishments |« Developed a stand-alone isotherm data fitting routine for D-A
and Progress parameters.

» Performed Survey

* Improved website and model accessibility.

* Project team includes NREL, SRNL, and PNNL.

« Consultants from industry participate in team meetings and provide
input.

» Material developers from academia provide new material properties.

Collaborations

Proposed Future |+ Expand the use of models by demonstrating their utility with other
Research storage materials, theoretical formulations, and vehicle class options.

OPERATED BY SAVANNAH RIVER NUCLEAR SOLUTIONS



Questions?

------------------------------------------------------------------------------------------------------------------------------------------------------------------

HSECoE Models on the WEB Team:
Matthew Thornton SRNL

David Tamburello %, o=
@5@ Nation-aﬁenewab[e

H 3 Lab. -
Kriston Brooks resyishomey o
Pacific Northwest

PATIOMAL ABRCRATORY

Sam Sprik

With support from Bob Bowman and Mike Veenstra
Adsorption data provided by Ford, University of Michigan,

Special thanks to the rest of the HSECOE team,
Jesse Adams, and Ned Stetson.
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