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Overview

Timeline Barriers
- Start: October 1, 2015 A. System Weight and Volume
- End: September 30, 2021* B. System Cost
C. Efficiency
E. Charging/Discharging Rates
. Dispensing Technology
K. System Life-Cycle Assessment
Budget
- Total Project Funding: $1,630,000* Partners
o FY16 Funding: $336,000
o FY17 Funding: $389,000 T INREL &RWUM!_”
o FY18 Funding: $375,000 o '
o FY19 Funding: $275,000 W/
o FY20 Funding: $255,000 Pacific Northwest

X

*Project continuation and direction determined annually by DOE.



Relevance
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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, enhance, and validate 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 validated modeling tools that researchers
will use to evaluate the performance of their new materials in
engineered systems relative to the DOE Technical Targets.




Relevance - Addressing Barriers with Models

Model Addressing Barrier

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

C. Efficienc Framework Model
y
- Onboard Efficiency
- Fuel Economy

E. Charging/Discharging Rates Framework Model

- Drive Cycles
|. Dispensing Technology Framework Model

- Initial and Final System Conditions
K. System Life-Cycle All Models

Assessment



Approach - Improving Model Utilities for Materials Researchers
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http://www.hsecoe.org/

Modeling Tools Available or In Progress

Framework Model with:

* Physical Storage UTRC/NREL Estimate performance of light-
» Compressed/Cryo-Compressed H, SRNL/NREL ~ duty vehicles with four drive

- Chemical Hydrogen (CH) PNNL/NREL cycles for each storage system
» Adsorbent (AD) SRNL/NREL

* Metal Hydride (MH) PNNL/NREL

Stand-Alone System Design Tools:

» Adsorbent (AD) SRNL New MS Excel-based tool

* Chemical Hydrogen (CH) PNNL New MS Excel-based tool

* Metal Hydride (MH) PNNL New MS Excel-based tool

» Compressed/Cryo-Compressed H, SRNL

Additional Tools/Models:

* MH Acceptability Envelope (MHAE) SRNL

+ Tank Volume/Cost Model PNNL

» AD Isotherm Fitting Tool SRNL

Finite Element Models:

» Metal Hydride (MH) Finite Element (MHFE SRNL
y (MH) ( ) Tank heat and mass transfer models
» Adsorbent (AD) — HexCell and MATI SRNL

UTRC: United Technologies Research Center
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Estimate Allow Evaluation of Hydrogen Storage Systems

Capabilities:

- Stand-alone design tools now available in Microsoft
Excel for adsorbents, metal hydrides, chemical
hydrogen storage, and pure hydrogen storage

« Usable-H,-mass-based and full storage-system-
volume-based capabilities for each design tool

* Multiple kinetics/isotherm expressions available in the
stand-alone tools and framework for each storage
method

« All models allow material-specific property inputs
measured by materials researchers to design material-
specific storage systems



Accomplishments and Progress — Design Tools Flowchart
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Accomplishments and Progress - Model Improvements

Adsorbent Model

Balance of plant (BOP) for cryogenic operation BOP options for room temperature, cold, and
only cryogenic operations
Insulation thickness hard-coded to 1 inch Insulation thickness is user controlled
LN, tank cooling channel always included LN, tank cooling channels user controlled
D-A isotherm model used only D-A and UNILAN isotherm model options
MOF-5 material properties hard-coded User-defined adsorbent material properties (with

MOF-5 default values)
Mass of usable H, is the starting point of the Mass of usable H, or maximum total storage
calculation system volume starting point

Metal Hydride Model

Single step irreversible reaction Single step irreversible or two step reversible

models selectable
Hard-coded reaction rate and enthalpy Reaction parameters and material properties as
(30 kd/mol) inputs
Mass of usable H, is the starting point of the Mass of usable H, or maximum total storage

calculation system volume starting point 9



Excel-Based Chemical Hydrogen Storage Stand-Alone Tool

MS Excel-based tools allow universal availability without
cumbersome downloads of MATLAB products

- Usable-H,-mass-based and system-volume-based tools available

ExoEndo
Kinetic_Model
MW_CH
slurry
%_H2
n_rxn
DH_rxn_1
Betal

Al

E1l

nl

+|DH_r=n_2

Beta2

AZ

E2Z

n2

%_inert
Cp_CH
Cp_i

Cp_p
rho_CH
rho_i
rho_P
ppm_imp
A_imp

MW _imp
ppm_imp2
A_imp2

MW _imp2
Usable H2
Total Volume

+ |Max Power

Ave Power
Pset
Q_heater
Tmax
vol_flag

 Downloads available for ammonia borane and alane can be
downloaded and modified for other liquid/slurry-based chemical

hydrogen storage materials

1/—
1 -
30.8 g/mol
1 -
0.152 —
1 -
-17981 J/mol H2
2355 mol H2/mol CH
244 sec-1
29900 J/mol H2
3.1 -
0 Jfmol H2
0 mol H2/mol CH
0 sec-1
0 Jfmeol H2
1 -

Exothermic/Endotheric Flag (Exo =1, Endo =0)

Kinetic Model Flag (Avrami Kinetics = 1, nth Order Kinetics =2)

molecular weight Chemical Hydrogen Material
Fluid Properties Flag (Slurry (1) or Liquid (0))
Wt Fraction H2 in the CHS Material

Mumber of Reactions to Model (1 or 2)

Reaction Enthalpy Rxn 1 (negative=exothermic)
Molar Ratio H2 maximum for CH material Rxn 1
Pre-exponential factor for Rxn 1

Activation Energy for Rxn 1

Exponent for Avrami or Reaction Order for Rxn 1
Reaction Enthalpy Rxn 2 (negative=exothermic)
Molar Ratio H2 maximum for CH material Rxn 2
Pre-exponential factor for Rxn 2

Activation Energy for Rxn 2

Exponent for Avrami or Reaction Order for Rxn 2

D.Sl-- .IWe'lght fraction inert with CHS Material to Slurry

2694 J/ke/K
1846 1/kg/K
774 J/kglK
780 kg/m3
1000 kg/m3
1640 kg/m3
500 ppm
0.1 g impurity/g adsorbent
17 g/mol
2000 ppm
0.35 g impurity/g adsorbent
80.5 g/mol
0 kg
0.144 m3
25 kw
15 kw
25
8000
400 °C

—

Heat Capacity CHS Material

Heat Capacity inert slurrying agent

Heat Capacity CHS Material Product

Density CHS Material

Density inert slurrying agent

Density CHS Material Product

Concentration of impurity 1

Adsorbent maximum loading impurity 1

molecular weight impurity 1

Concentration of impurity 2

Adsorbent maximum loading impurity 2

molecular weight impurity 2

Mass of usable hydrogen required

Total system volume required

Maximum Hydrogen Storage H2 Production Required
Average Hydrogen Storage H2 Production Required
Ballast Tank Pressure Initial Condition and Setpoint
Reactor heater per length

Maximum acceptable reactor temperature

Input

Name

System Mass and Volume
TotalMass
TotalVolume
Usable H2
DOE_Mass_Target
DOE_Vol_Target
Design Parameters
ReactorLength
Vballast

MFeed
LigRadlLength

. |GasRadlength
- |Recuplength
« |Startup Time

Target Temperature
Maximum Temperature

i |[End of Parameters

Flag for either volume or usable H2 constrained design: 1 =volume, 0= usable H2

Flag for volume- or usable-H,-constrained design

Value

Units

Output

Description

131.7338405 kg
144 L
5.63829624 kg
0.042800667 kg H2/kg sys
0.039154835 kg H2/L sys

Total Estimated System Mass
Total Estimated System Volume
Estimated Usable H2 for System
DOE Gravimetric Target 2020
DOE Volumetric Target 2020

0.403 m
0.014067745 m3
78.09274571 kg
1.534666617 m
0.708811328 m

0Om
75.96206604 sec
148.9828824 °C
246.3299437 °C

Reactor Length

Ballast Tank Volume

Mass Chemical Hydride Required
Slurry Radiator Length

Hydrogen Gas Radiator Length
Recuperator Length (if endothermic)
Time to Reach 30% Conversion
Temperature to Reach 30% Conversion
Maximum Reactor Temperature

10



Excel-Based Metal Hydride Stand-Alone Design Tools

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

Hydrogen Mass-Based Metal Hydride Storage Design Tool Input Sheet
Material Properties
MName Value Units Description
f_H2 decimal fraction  Hydride Carrying capacity of metal hydride
f_inert _ decimal fraction  Fraction of inert in metal hydride bed (Enter 0if f_H2 accour Bug
kbed W/m-K Thermal Conductivty of hydride bed
rho_cry kg/m#3 Crystalline Density of metal hydride
f_void decimal fraction  Fraction of voids in metal hydride bed (Enter 01f rho_cry =rho_bed)
rho_inert kg/m*3 Density of inert material in hydride bed (Enter 0if rho_cry =rho_bed)
IdH_rxnl J/mol Enthalpy per mole H2 rxn 1 (Endothermic +) I n p ut
dS_rxnl J/mol-K Entropy per mole H2 rxn 1
|dH_rxn2 J/mol Enthalpy per mole H2 rxn 2 (set to zero if single step rxn)
i |dS_rxn2 Jfmol-K Entropy per mole H2 rxn 2 (set to zero if single step rxn)
beta_rxnl mal/mol Moles H2 produced per mole feed, Reaction 1 (Enter 0if no rxn 2)
i |beta_rxn2 mol/mol Moles H2 produced per mole feed, Reaction 2 (Enter 0if no rxn 2)
i System Parameters
'|Name Value Units Description
i |dmH2 kg Mass of useable H2 available in the tank
Hr 0.005|m Coolant tube external radius
Ith_tube 0.00083(m Coolant tube thickness 0 ut ut
dT 45K acceptable hydride temperature rise during refueling p
' |PH2hi 100|atm Upper Hydrogen Operating Pressure
i|PH2lo 5|atm Lower Hydrogen Cperating Pressure
HemObl 1|option Hemispherical endcap option
Material Option 1 =6061-T6 2 = 316 55 3 = Composite Type Il (ALliner) 4=
| Type 2|option Composite Type IV (plastic liner)
Lfd 4|decimal fraction  Desired exterior Ltank over dtank Enter Zero to Calculate
'|L_tank 0|m Desired tank exterior length Enter 0 to calculate - =
i|D_tank 0lm Desired tank exterior diameter Enter 0 to Calculat System mass (kg] 225.5653
Idt 300|seconds Target Refueling time (300 s = DOE 2020 target)
I |eff_comb 0.8|decimal fraction  Combustion Efficiency if required SYSte m Volu me { m3] O . 11228?
Combustor y>0/n=0 1
Mass H2 Burned (k 1.321687
 Separate models for mass-of-usable-H,- ved (kg)
. Tank Quter Diameter (m) 0.32275
constrained and system-volume-
trained desian tool Tank Length (m) 1.249055
constrained design 100ls Number of coolant Tubes 101
* Models based on thermodynamics and Total Hydride Mass (kg) 69.21687
heat transfer only; no kinetics or mass Tank Mass (kg) 117.0723
transfer included Maximum Temperature (°C) 153.45
Percentage of DOE 2025 Gravimetric Target (%) 45,13911
Percentage of DOE 2025 Volumetric Target (%) 124.6804
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Pi
P
Ti
Tf
Syztern_Wol
type_Ads
Termp_Op

Add_Coal

Emax
Emin
nmax
Va
v
rho_ads

k

Cp

Ads_Cost
Thermn
HernObl

Weaszel

TType

Excel-Based Cryo-Adsorbent Stand-Alone Design Tools

VOLUME

2
3

1)

5040.27 ol
106155 drnol, K
67.75003 ol k.,
0.001403% kg,
0.00725 rmkgay
130 kg, m*

0.3 Wirnfk,

780 Kkgh

118 Hkga,
0
0

1

Units Comments RUN
1.00E+07 Pa IritialiFull tank pressure UNILAN
5.00E+05 Pa FinallE rmpty tank pressure

BO K InitialtFull tank ternperature
160 K FinallE rmpty tank ternperature
2676779 L Target systern total volurme

Tupe of adzorbentHe: 1) Mone [compressed H2) 7. 2] PowdenHexCell, 3] Cormpacthbaa T
Operating Ternperature: 1) Foom ternperature, 2] Cold Operation, 3] Cruogenic Operation

Additional Coalart Linesz [ iF present

UMILAM Pararneter -- baxirnum izosteric beat

UMILAM Paramneter -- binirmurn izosteric beat

UMILAMN Pararneter -- Maxirnurn H2 [oading per mass of adsarbent
UMILARN Pararneter -- Adzorbed volurne per mass of adsorbent
UMILAR Pararneter -- Yoid wolurne per masz of adzorbent

ELlk Denzity of the MMOF-5

Thermal conductivity of the adsorbent

Outpu

Specific Heat of the adsorbent

Projected cost of the adsorbent per unit mass
LM2 chiller (1] if present
Hernizpherical [1] or oblate [#1) endecaps

\Inputs

2 =316 Stainless Steel Type 1
3 =Aluminum + CF Type 3
4 =585+ CF Type 3

Vessel only [0] or Full sizing [#
Type of pressure vessel:

1=Aluminum Type 1

Clear
Results

5=Plastic+ CF Type 4

DA_Volume | UNILAN_Mass

L

UNILAN_Volume DDensity | CompFact

Description

Total hydrogen stored

Usable hydrogen

Total H2 Storage System Mass

Total Projected H2 Storage System Cost
System-based gravimetric capacity
System-based volumetric capacity

Overall system rank based on mass, velume, and
cost (better systems have higher values)"
Initial/Full tank pressure

Initial/Full tank temperature

Final/Empty tank pressure

Final/Empty tank temperature

Total H2 Storage System Volume

Type of adsarbent/HX: 1) Powder/HexCell, 2}
Compact/MATI

Operating Temperature: 1) Cryogenic Operation,
2) Room Temperature Operation

Additional coolant (1) present

UNILAN Parameter - Maximum isosteric heat
UMILAN Parameter - Minimum isosteric heat
UNILAN Parameter — Maximum H2 loading per
mass of adsorbent

UMILAM Parameter — Adsorbed wvelume per mass
of adsorbent

UMILAN Parameter — Void volume per mass of
adsorbent

Bulk Density of the MOF-5

Thermal conductivity of the adsorbent
Specific Heat of the adsorbent

Projected cost of the adscrbent per unit mass
Presence of LN2 pre-chiller

Enthalpy

H2stored
H2usable
System_mass
System_Cost
Grav_Cap
Vol_Cap

Tf
System_vol

type_Ads

Temp_0Op
Add_Cool
Emax
Emin

nmax
Va

Vv
rho_ads
k

Cp
Ads_Cost
Therm

©

 Separate tabs for Dubinin-Astakhov (D-A) adsorption theory isotherm and UNILAN isotherm
* Models can evaluate mass-of-usable-H,-constrained and system-volume-constrained design tools
 Can evaluate materials at cryogenic, cold, and room-temperature conditions

Units

Output values
kg H2

kg_H2

kg

5

g_H2/g_=ys

g HZ/L_sys

Input values
bar

J/mol_H2
Jfmol_H2/K

mol_H2/kg_ads
m*3/kg_ads
m*3/ke_ads
kg_ads/m"3
Wim/K

1ke/K
5/kg_ads

12



"4 Figure 1: Vehicle simulation framework

(F) HSECOE

Select storage system

Hydrogen Vehicle Simulation Framework

CH-AS Slurry Exothermic - Framework diagram System diagram
[Excthermic Ammonia Borane slurry system b
Running scenario Vehicle Level Valgbles
Auxiliary loads Kw 02-2) 07
Test case Light Duty FCEV mﬂt Urlirﬂ'l Adsorbent Unilan
1 Fuel economy test (ODSHHWY. . | _gtorage system varialgs - Single run
Mass in feed tank (0.1-300) 775623 Length gas radiator m 01-3) 0.708811)
Ballast volume m3 {001-005) g p4067 m-l GH
Run simulation [ — : os
Pressure setpoint bar 5
= — E Cryo Compressed Cryo Compressed
b D TEMET |G g Yiew et Toos Deop Window He Cryo Compilised Cryo Compressad
FECEI R P AL DY
Results (at end of simulation)
H2 delivered kg Pressure = \ Regulator ‘ |
H2 used kg Raw dist{ | ¥ MH_SYS Des 8 v - x
Usable H2 kg Calculatd —
Storage system mass kg Calculatq Load In Euts \inputs\mh_testing_Default. mat save
Storage system volume L Tank staf A Q
Gravimetric capacity % Na - MH-GH/3s v3
Volumetric capacity aL S !
On-board efficiency % Description:
Temperature c Generic metal hydride model 20 kJ/mol enthalpy of dehydrogenation. Note that the er
MateriaNProperties System Parameters
f_Hz 0.1
5 dmH2 56 202,397
f_inert 0.1
il 0.01 0.190415
k) th_} 0.00089 2
rho_cry 851 dr 45
f_void 0.3 PH2hi 100 0.348685
rho_inert 2100 s
dH_rxnt 42000 - : e o
et HemObl 1 ntubes 27
dS_mxn1 -124
e Type m_total HM 77.7697
_rxi 51134
dS_rxn2 13486 Lk sysrhofrac 61.4852
| 134,
Ltank 1. volrhofrac 88.0316
0 fiag| Percentage of DOE 2020 Gravimetri
300 d_pipe_0D 0.02
0.7
147 773
systemDiagram | | STorage U0 I um

Storage Sizing Too
By Usable H2

13



Accomplishments and Progress - Adsorbent System
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. . Storage Sizing Tools
Design Tool in the Framework ey e
w | |
S Volume | m—in
ystem Volume Input e
and Mass Output |
& Ads_SystemDesignGUI Cryo Compressed | Cryo Compressed |
Lnad System ‘ oz Default_HexCell_UNILAM_byvol_sys mat Sa\re J
Inputs Name: Cryoadsorbent
Pi 1e+07 L
= 20009 Des crlptmn: Cryoadsorbent system basedWg MOF-5. Cooling dunng refuel is done either with @ microchannel heat exchanger (MATI) or with flow-through of cold gas
T 60 Resu“s: Output valugs ~
If 160 H2stored 57187 kg_H2Z Total hydrogen stored
@ 267 678 Hzusable 5.6043 kg_H2 Usable hydrogen
type_Ads 3 System_mass 151.5204 kg Total H2 Storage System Mass
Temp_Op 3 Save Results to E!G&l | System_Lo 3.3600e+03 3 Total Projected H2 Storage System Cost
Add Cool 0 Grav_Cap 0.0370g_H2/g_sys System-based gravmetnc capacity
- Vol_Ca 20.9367 g_H2L_sys stem-based volumetnc capacit
Ensr 5040 27 _lap g _5Y oy paciy
i Rank 6.5186 Owerall system rank based on mass, volume, and cost (belter st
Emin 1061 55
———ee e Input values
nmax 67.75 ; .
. Pi 100 bar Initial/Full tank pressure
Va 0.00140392 sys.tem Dlagram L BOK Initial/Full tank temperature
U .
! D'DLJ m3/kgAds, UNILAN Parameter -- Adsorbed volume per mass of adscurhent| ey S RV e T
rho_ads 130 I 160 K Final/Emgty tank temperature
03 System_Vol 26T 6TTIL Target H2 Storage System Yolume
Cp 780 type_Ads 2 Type of adsorbent/HX: 1) None? 2) PowderHexCell, 3) Comp
Ads Cost 118 Temp_Op 3 Operating Temperature: 1) Room Temperature Operation, 2) Col
Th;rm 0 Add_Cool 0 Additional coolant (1) present
HemObl Emanx 5.0403e+03 Jmal_H2 DA Parameter — Enthalpic contribution to the characeristic free
0] 0 ) '
v : Emin 1.0616e+03 J'mol_H2/K D A Parameter — Entropic contnbution to the characenstic free
asse 1 = 67.7600 mol_HZ/kg_ads  D.A. Paramater -- Maximum H2 loading of the entire adsorption
Tlype 4 ) . Wa 0.0014 m*3/kg_ads DA Parameter — Adsorbed volume per mass of adsorbent
DESIQI'I Documen‘tahon W 0.0073 m*3/kg_ads DA Parameter - Void volume per mass of adsorbent
rho_ads 130 kg_ads/m*3 DA Parameter — Bulk Density of the MOF-5
General Documentation ke 0.3000 Wim/K Thermal conductmity of the adsorbent
Cp T80 gk Specific Heat of the adsorbant
Ade Maas A4 DAMAN TN da MNemicmlicd cacd afibhe cdendbhcnl mar repmd ——-——— V
4




Accomplishments and Progress - Models Provide Input to Spider Charts

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

NaAlH, Estimates Information provided by design tool

Gravimetric Densit

Start Time to Full Flow (20°C) 007 Min. Delivery Temp.

TBD
B Model Estimates

Fill Time (5kg H2) Max Delivgry Temp.

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

Transient Response Max. Operating Temp.

l"w‘
i—

Fuel Purity V \
Wells-to-Power Plant Efficency
Boil-off loss

Fuel Cost

/

" System Cost
= Onboard Efficiency

Volumetric Density

Min. Operating Temp.

Max. Delivery Pressure

Min. Full Flow Rate

Cycle Life (1/4 - full

15



Accomplishments and Progress - Models Provide Input to Spider Charts

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

NaAIH4 Estimates Informathn prov[ded by !:ramework
Model using available drive cycles

Hot SCO3 TBD

Gravimetric Densit .
B Model Estimates

Start Time to Full Flow (20°C) 00% __Min. Delivery Temp.
Max Delivery Temp. Cold FTP

N

System Cost

~ Onboard EﬁicieD

UDDS

Fill Time (5kg H2) 0%

Cold FTP

@ Time to Full Flow (-20°C)

Transient Response

0% Min. Delivery Pressure UDDS

3. Max. Operating Temp. Hot SC03

US06

o V
Wells-to-Power Plant Efficency
Boil-off loss
Fuel Cost

Cycle Life (1/4 - full)

Min. Operating Temp. Cold FTP

Y Max. Delivery Pre@
Min. Full Flow RD

US06

Volumetric Densi

16



Accomplishments and Progress — Exercise Models

900 1.9%
1000 800 [ J \
Y.\_‘ — 700
800 - Tank Mass %D 600
2 N Y G msoo-1000 A 500
2 . g 600-800 = = 400
; -_ 1400 600 £ 300
2 B £200-400 % 200
: . >
] @0-200 A 10
2% 6000 0
A 4000 NaAlH4 TiCrMn0.8 TiCrMn0.8 TiCr1.78 2.1LINH4 +
P 2800 \
4 “, 1400 2000 iy o> SS Tank S5 Tank Type IV Composite Tank MgH2
Y 10 o' $S Tank
> 750 10 ped ¥ m Hydride Mass M Tank Mass M Ancillary Equipment Mass o
Thermal Conductivity vs. Bed Density on Tank Mass Impact of Metal Hydrides on System Mass
900 4 H, Storage
200 - Capacity
E 200 — () ]
2 600 10 — .. 007
2 b
g > x 8 0.05
B 400 o
3 T — —o003
® 300 Q
g o
= 200 N <Pt MRS N B il Bt 0.02
100 — — M _ _ _ DOE2025Mass Technical Target _ _ _ 000 s _ = I P B e I e 001
0 2
DOE 2025 Volume
5 ; N S
@ @° @ o " 3\00“6 . o2 ® " N d@s‘ab 0 Target
w S <o <of « o 100 150 200 250 300 350 400 @ 300miles
3! N N
Storage System Volume (L)
Approach to Achieving DOE Gravimetric Technical Target Relationship between Usable H, and System Volume
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MH Stand-Alone Design Tool Evaluates Promising Materials

Material / Property Model Input Model Output
hydcap | kbed | rhobed | diH ds | SysMass | SysVol | Temp | TankMass | HydMass | HydBum | G-Target | V-Target
ENG,Ti-doped
P 0.045 8.96 750 40800 125 612 323 197 400 163 1.77 16.6% 43.2%
NaAlHa
TiFs-doped
0.112 1.43 510 48400 121 566 314 311 415 69.8 222 18.0% 44 .5%
Mg(BH4)2
2LiBH4/MgH2 0.097 0.89 550 44200 124 618 348 242 447 78.0 1.97 16.4% 40.1%
Ji-doped LiBH4 0.104 0.63 470 73200 120 1297 632 622 1038 93.4 4.11 7.8% 22.1%
KH-doped 2LINH--
Mok 0.040 210 640 39500 119 875 479 216 615 182 1.69 11.6% 29.2%
gnz s m—
KH-doped LisN 0.082 0.96 710 67300 126 897 448 493 665 112 3.60 QS% 31.2% )
/
6nm-Mg(BHa4):@C 0.059 7.33 570 45800 109 666 354 374 483 130 2.06 4 15.3% 39.5%
6nm-LIBHa@C 0.057 7.06 550 57900 106 904 439 581 694 148 2.86 11.3% 31.9%
enm-LisN@C 0.061 8.32 740 42100 114 507 262 283 337 122 1.84 v 20.1% 53.4%
e
KH-6nm-LisN@C 0.064 9.61 760 41700 117 466 241 256 304 116 1.82 G1 9% 58.1%

Bulk Materials Nano Materials

Learning: Nanoscale materials have higher system gravimetric and
volumetric capacity in spite of lower hydrogen storage capacity

« Improved AH and AS result in significantly reduced operating temperature,

reducing tank mass and hydrogen burned

» Improved thermal conductivity improves heat transfer during refueling and
reduces the number of coolant tubes required

18



Framework Model Compares Nanoscaled vs. Bulk Materials

R — 400 Fit Data with First Order Reaction
Kinetic Differences between Bulk and Nano 79677
T - == 350 —_
T P r = — 161,1543 RT CLi3N
B‘?. - ) o ——
= b s 300 __
_i V. B ) 7.00E+00 300
g ° 7 250 o 6.00E+00
= 7/ 3 : 250
é N ’ 200 g Esooaoo .
& ®  Bulk Li3N: H2 Desorption a 2 _
% ’ Nano Li3N: H2 Db- p : - 5 24'00&00 / o £
& ano Li3N: esorption 100 ™ e . 5
i = )
- == == Bulk Li3N: Temperature Zz . actual 00 =
:l}:.- 1 >0 ;3\3 2.00E+00 ———Temperature =
- Nano Li3N:Temperature #
0 @ 0 1.00E+00 S0
0 1000 2000 3000 4000 5000 0006100 o
L +
Time (seconds) 0 1000 2000 3000 4000  S000 6000

Time, seconds

Nano-Li;N Results from Framework Model

Learning: Nanoscaled Li;N has fast
enough kinetics and low enough

temperatures to allow all drive cycles
YT to be met; bulk Li;N does not

. * Bulk Li;N reaction does not initiate
Usable H, = 5.8 kg N for any of the drive cycles
Onboard Eff = 76.5% Y g

= mw.'“w'”"”"w"'”""‘""'*‘f”"'“"f""r'""‘-"'”‘r’“‘“r“'*-"“"‘r'“"r"”"."""'.""*r""‘-r"“r"'ﬁ:‘h;'m.mf'w

Pressure >5 bar over 6.9 h
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Accomplishments and Progress - Metal Hydride Materials Evaluation
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SprTTT T M I S LA
: o020 3 4140
o e = o e i,, * HRLis evaluating NaAlH,
E S i ! _ milled with 0.03TiCl; mixed
s o g O 50:50 wt % with diglyme.
E | ': 1" £« This mixture has faster
I ; | controlz® 17 3 kinetics and reaches
&t | 340 complete conversion
P | ‘; j20 sooner than the control
o VU DUTRUU. without diglyme.
° ’ Tim:E (hr) ‘|| ° °
TR - ccorive 2, oo e
higher k

the higher usable H, capacity result
Useable Hydrogen Capacity 0.04 0.048 0.048

Inert Fraction 0 0.2 0.2 in neaﬂy the sSame tank Size as

Bed Thermal Conductivity 1 1 2 Control 1 st
(W/m/K)

System mass (ke) S :4) 622 An assumed doubling of thermal
System volume (m3) 0.315 0.317 0.290 .
SRR ] T N e conductivity reduces system mass

Tank Outer Diameter (m) 0.475 0.476 0.461 and VOlume by 85%
Tank Length (m) 1.83 1.83 1.77

Total Hydride Mass (kg) 181 181 181
Tank Mass (kg) 408 409 372 20




Accomplishments and Progress — Metal Hydride Materials Evaluation
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Framework Compares Two Forms of NaAlH,, Maximum T = 160°C

Best Data 2nd Control 1st
4.50
5 00E+00 Al 9.225E+15
_asoes00 (Al 4.49e+07 = 400 E1 138302.47
£ sooeio0 E1 77189.97 3 350 A2 9.405E+22
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T oorin 1stEQ 2.7 . %jzz
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2 1.00E+00 « actual 3 1.00
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O 5.00E-01 0.50
0.00E+00 0.00
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000 30000 35000 40000
Time (seconds)
1DD T T T T T T T T T 1DD -
s wroywy [ - -
a0 ao b
“llUsable H, = 4.675 kg 80
- b Usable H, =3.77 kg
~ 70 IOnboard Efficiency = 74 | o o
& , 8 Onboard Efficiency = 74%
2 s HDistance Traveled = 244 2 ) )
g ¢ eorf Distance Traveled = 192 miles
% 50 - 2
5 £ 50
ﬁé 40 1 :
= | SAtdiglyme s “r Control
.| continues, although »| stops after 1st reaction completes,
ol at very low pressure 20| second reaction not started
o ] | | | | | ] | 1071
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 - L ¥ ; ; : :
Time (sec) 104 2000 4000 6000 BOOOD 10000 12000 14000

Time (sec)

Enhanced material decreases the maximum possible operating temperature
with the drive cycles by 5°-10°C 21



Accomplishments and Progress — Model Website Analytics:
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Weekly Activity (April 1, 2019-March 30, 2020)

Audience Overview @ B save 4 ExPORT = SHARE | & INSIGHTS

\ Sessions = 10 sec + Add Segment Apr1,2019-Mar 30,2020

26.49% Users

Overview

Sessions + | VS Select s metric Howrly | Day = Week Month
® Sessions

20

10

May 2018 June 2018 July 2018 August 2018 September 2018 October 2018 Movember 2018 December 2018 January 2020 Februa ry 2020 March 2020
B MNew Visitor B Returning Visitor

Users New Users Sessions Mumber of Sessions per User
Sessions = 10 sec Sessions = 10 sec Sessions = 10 sec Sessions = 10 sec

173 160 199 1.15

Pageviews Pages / Session Avg. Session Duration Bounce Rate
Sessions = 10 sec Sessions = 10 sec Sessions = 10 sec Sessions = 10 sec

929 4.67 00:05:13 0.00%

Activity almost every week; 85%
of sessions were by new visitors
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Accomplishments and Progress — Model Website Analytics:
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Web Flow (April 1, 2019-March 30, 2020)

s B Apr 1,2019 - Mar 30, 2020
Level of Detail ~  Export ~ Insights
™\ Sessions > 10 sec + Add Segment
25.48% Sesszions =
l o Starting pages 1st Interaction 2nd Interaction
199 sessions, 113 drop-offs 86 sessions, 14 drop-offs 72 sessions, 21 drop-offs
= United States wm /models.php Imodelsphp ] {modeiz php B
» 62 . - L " (LRt
| — i = himf — T ht
3 in §§ (cchnolog i is
12 3
=p China i s vy
=25 = [dovmioad.php i /partne m
o India [T . i iw o php
- 13 ? ’
— ] il
. == technicalgap himl im
= Uinited Kingdom i .
= 43
fdovwnioad ph {9 more pages)
ﬁ15 i II:_Bm pag I.gs
=g th b F
= 12
] 3 tus. him
-
* T - L}
=)+ U.S. had t foll d by Ch
i 9. Ndd MOStT sessions, 1oliowe Ina
.

« Starting on Home or Models page

« 1stinteraction is mostly on Models page
followed by Technology Areas; 2"
interaction is mostly on Models page
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Locations (April 1, 2019-March 30, 2020)

Location &

Apr1,2019 - Mar 30, 2020

All Users + Add Segment
100.00% Users

Map Overlay = Explorer

Summary Site Usage Ecommerce

UUUUUU

O

&

Activity by city shows global interest in
countries and regions including China,
Australia, Japan, EU, and others




(through March 30, 2020)

Totals Additional through

MODEL Total  \MR2019 2020Q2

H, Storage Tank Mass
and Cost Model 268 241 27
MHAE Model 75 66 9
MHFE Model 121 107 14
Vehicle Simulator
Framework Model 192 165 27
CH System Design
Stand-Alone 44 31 13
Adsorbent System
Design Stand-Alone >6 30 26
MH System Design 5 5
by Usable H,
MH System Design by
4 4
System Volume
Most downloads are for Tank Mass and Cost
Model and Vehicle Simulator Model
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Collaboration and Coordination

NREL
SRNL

PNNL

Ford

University of
Michigan

University of
California
Berkeley

HyMARC
Seedling—
Liox

HyMARC—
Sandia

Team Member

Team Member

Team Member

Consultant

Material
Developer

Material
Developer

Material
Developer

Material
Research

National Lab
National Lab

National Lab

Industry

Academia

Academia

National Lab/
Collaboration

National Lab/
Collaboration

Update website and framework
Adsorbent and compressed gas modeling

Chemical hydrogen and metal hydride
modeling

Beta testing, fuel cell model, adsorption
data

Adsorption data

Adsorption data

Metal hydride data

Metal hydride data



Proposed Future Work - FY20 Milestones and Next Steps

Deliverable “

FY20- Provide update related to HYMARC collaboration and application of models and post

Q1 new Framework Model version, including Excel version for all Stand-Alone Models. ey e
FY20- Provide update on web portal activity—website hits and time on site, website use
: Complete
Q2 locations, and model downloads.
SMART Milestone: Update framework storage, fuel cell, and vehicle models to
accommodate medium-duty (vocational, class 4-6) and heavy-duty (line-haul, class 8)
FY20- vehicle platforms in addition to the existing midsize passenger car option. This will also 6/30/2020

Q3 include the modification of the Framework Model test cases to include up to three
additional cases based on representative medium- and heavy-duty drive cycles (e.g.,
heavy-duty UDDS, HHDDT, HTUF-4, NY Comp. or CBD).

Submit at least two of the following three journal articles: (1) New framework paper—

demonstrate models by exercising them using available HyMARC material data, (2)

paper related to the sensitivity analysis and develop hierarchy of parameters to adjustto ~ 9/30/2020
assist material developers, and (3) paper on the tank mass and volume estimator (i.e.,

Tankinator).

FY20-
Q4

Any proposed future work is subject to change based on funding levels
27



Technology Transfer Activities - Updated HSECoE Model Website

esecsscssssssscsscsccns R R R R R R R R R I R N R T I I R I I L R R R R
L]
HSECoOE website: hitp://hsecoe.oral
. P .0rg
# Hydrogen Storage Engineering X 4 - a x
# Hydrogen Storage Engineering X 4 - =] x
c Not secur b2 & a % :
5 @ 0 Brmorslmien ° e € 5 C 0 ® Notsecure | wwwh2se.org/modelshtmi @ % O
Apps [} Home - HSECOE imported From I @ SRNL-PRIME Propc. S INMM - PATRAM Ho. @) ASME Conferences

Apps [} Home - HSECOE imported from IE @ SRNL- PRIME Propc. S INMM - PATRAM Ho () ASME Conferences.
% HYDROGEN -

'STORAGE EN ING B HYDROGEN

PERFORMANGE DATA o HSTORY  conTAGTUS STORAGE ENGINEERING

HOME  MODELS  TECHNOLOGYAREAS  PERFORMANCEDATA  PROGRESS  HISTORY  CONTACTUS

Modeling and
Engineering Analysis

Our goal s 1o achieve the best results for commercialy viable
materiat based storage system technologies that are benefical to
the future development of hydrogen-powered vehicies.

HYDROGEN AND FUEL CELL RESEARCH

Projects focus on materials and concepts, testing, and system analysis.

Modeling Efforts

As part of the H,SEs modeling effort, it was found useful to develop simplified models that can quickly estimate optimal loading and discharge
Kinetics, effective hydrogen capacities, system dimensions, and heat removal requirements of various materials based hydrogen storage system
Post Center of Excellence designs. Parameters obtained from these models were then used as inputs into the detailed models to obtain an accurate assessment of system

Vith the cosing ofthe HSECOE. ) our performance that includes more complete integration of the physical processes. In addition, to meet the objectives of the Center, there was a need

" poweing our cars, homes, and busin

inthe fuure. The signiicant engineering

to quickly and efficiently evaluate various materials based storage systems and to compare their performance against DOE light duty vehicle

1SE addresses are associak maerias based, hydrogen sor ntemal
Sty vehices. Our Skt e targets. To accomplish this task, a modeling approach was created that enabled the exchange of one hydrogen storage system for another while
by vehices. T iSES vork Hation's keeping the vehicle and fuel cell systems constant. As such a modeling “framework’ that was used for system evaluation and comparison by the

ependence on foeign energy sources by changing the way we power ourcars, homes, and bus:

Center was developed. The framework was used to implement the integrated vehicle, the power plant, and the storage system models. This

annual marize achvi of these project v el Gets Program.

framework tool was used across the engineering center to evaluate candidate storage system designs on a common vehicle platform with
Annual Progress Reportpublished in May 2018,

consistent set of a

sumptions.

Our Approach It was felt, by DOE, that these models and the modeling framework could provide benefit to research efforts outside of the HSECOE and therefore

should be made available to university and laboratory researchers working in this area. Below are select models, including the center modeling
On-8oard Storage System
framework, that are available for dow

load and use by the broad research community. Model descriptions, a user’s manual and presentations
The centeris developing on-board detailing the models validation are also available for download below. These models are open for use by material developers and storage system
vehiuiarhyc

ot designers, but caution should be used when applying these models to materials and operating conditions that have not been validated. Please
and componentshat i alow o gt

duty vehicis capatie of  divng send any questions or comments to the technical assistance e-mail provided

View curent publcations presentatons & patents

Click here to view our current publications and presentations

Toreiew DOE Targets for Onboard Hyciogen Strage Sysemsfo LghtDuty Vehices Models
Objectives for the DOE and H;SE Hydrogen Vehicle Simulation Framework

Classes of Storage Systems
The H2 Vehicle Simulation Framework is a MATLAB/Simulink tool for simulating a light-
duty vehicle powered by a PEM fuel cell, which in tum is fueled by a hydrogen storage
system. The framework is designed so that the performance of different storage

cell

systems may be compared on a single vehicle, maintaining the vehicle and fu
system assumptions.

OUR PARTNERS

The Framework is composed of a vehicle module, a fuel cell module, and a hydrogen

(SR a0 storage module. The figure below shows these components and the main

precinmes responsibilities and interfaces.
and intematenally.

p— = - . The vehicle module computes demand for a given drive cycle. Power demand s based on acceleration, aerodynamic drag, rolling
ENERGY (0] N R E L SRNL GreenWayEnergy resistance and component efficiencies. The drive cycles are repeated until some failure condition is encountered. This could be that the

Office of Science " hydrogen has been depleted, the flow

ate is insufficient, or some components are undersized for the vehicle's demand

. The fuel cell block's responsibily i to translate power demand from the vehicle into hydrogen demant to the storage system. It aiso
> @ manages thermal balance and makes waste heat stream available for harvesting by the storage system. Note that this is not a fuel cell

Pacific Northwest sizing tool: The performance curve is chosen to match DOE targets for efficiency (50% at rated power, 60% at 20% of rated power).

The hydrogen storage system responds to hydrogen flow demands from the fuel cell system. It may also request auxilliary electrical powr

from the vehicle if needed, such as for heating and powering balance-of-plant components. 28


http://hsecoe.org/

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

« Improve stand-alone model and framework utility by bridging the gap
Approach between the information generated by the materials researcher and
the DOE Technical Targets.

« Stand-alone tools have been developed in Microsoft Excel as a
replacement for MATLAB and placed on the modeling website.
These models allow easier use by the hydrogen storage community.

« Stand-alone tools and framework have been used to evaluate
materials for HYMARC and help better understand the benefits (or
not) of new materials.

Technical
Accomplishments
and Progress

* Project team includes NREL, SRNL, and PNNL.

» Consultants from industry participate in team meetings and provide

Collaborations input.

* Material developers from HYMARC and academia provide new
material properties.

Proposed Future « Expand the use of models by demonstrating their utility with other
Research storage materials and vehicle class options.

29



Remaining Challenges and Barriers

Increase the use of the models by material developers
o Expand the researcher base that uses the models

o Simplify the model use for nonmodelers

Increase the use of the models by systems engineers

o Potential expansion of the model capabilities to other vehicle classes
and system platforms

Demonstrate the models’ utility to other researchers

o Applying the models to their applications

Find available data to validate the models

Reverse engineering—using the models to better inform materials
developers of what properties are most important

30



Publications and Presentations

Brooks, K., D. Tamburello, S. Sprik, M. Thornton. 2018. “Design Tool for Estimating
Chemical Hydrogen Storage System Characteristics for Light-Duty Fuel Cell Vehicles.”
International Journal of Hydrogen Energy 43, no. 18 (May): 8846—8858.

Brooks, K., D. Tamburello, S. Sprik, M. Thornton. 2020. “Design Tool for Estimating Metal
Hydride Storage System Characteristics for Light-Duty Fuel Cell Vehicles.” International
Journal of Hydrogen Energy, forthcoming (submitted January 2020).

Tamburello, D. 2018. “Cryo-Adsorbent Hydrogen Storage Systems for Fuel Cell Vehicles”
(presented at the 70th Southeastern Regional Meeting of the American Chemical Society,
Augusta, GA, November 2, 2018).

Tamburello, D., B. Hardy, M. Sulic, M. Kesterson, C. Corgnale, D. Anton. 2018. “Compact
Cryo-Adsorbent Hydrogen Storage Systems for Fuel Cell Vehicles” (POWER2018-7474,
Proceedings of the ASME Power and Energy Conference, Buena Vista, FL, June 24,
2018).
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Responses to Previous Year Reviewers’ Comments

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

* This project was not reviewed last year
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