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Overview

Timeline Barriers
- Start: October 1, 2015 A. System Weight and Volume
+ End: September 30, 2018 B. System Cost
* 50% Complete (as of 4/1/17) C. Eff|C|e.ncy _ _
o $461,839 Spent (as of 4/1/17) E. Charging/Discharging Rates
. Dispensing Technology
K. System Life-Cycle Assessment
Budget Partners
* Total Project Funding: $1,100,000
o FY16 Funding: $336,000 *NREL SRNL
o FY17 Funding: $389,000 C " S
o FY18 Funding: $375,000 il
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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
(HSECoOE).

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

e Manage the HSECoE model dissemination web page.

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

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

e 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.
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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
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Relevance

Challenge to Materials Researchers: Evaluating
Material Relative to 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

\[ED HSECoE
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Relevance

Original Framework Does Not Provide Entire Solution

Materials
Research

H, Capacity
Thermodynamic
Kinetics

Adsorption Isotherms

Modeling Framework

Top-level vehicie model ‘

Hydrogen Storage Engineering Cenfer of Exceflence

DOE Technical Targets

Gravimetric & Volumetric Capacity
Durability & Operability

Operating Temperature and Pressure

On-Board Efficiency
Charging/Discharging Rates

Startup

\[ED HSECOE Refueling
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Approach

Focus: Improve Framework Utility for Materials Researchers

Materials Improved
Research Website
ol New Isotherm

apacity ‘ iy
Tﬁermodynamics Fitting Tool
Kinetics
Adsorption Isotherms DA Parameters

l Modeling Framework

Top-level vehicle model ‘

Hydrogen Storage Engineering Cenfer of Exceflence

New System
Estimator Tool

e

-+ Improved Gul!

Component and -
e o B o
System Mass & _ S r—
Volume T e -
|_?_ —

Stan lone

Vallles

DOE Technical Targets

Gravimetric & Volumetric Capacity
Durability & Operability

Operating Temperature and Pressure

On-Board Efficiency
Charging/Discharging Rates

Startup

Estimated Gravimetric
& Volumetric Capacity

\[ED HSECoE
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Approach

Modeling Tools Available
Evaluate Material
MH Acceptability Envelope SRNL Properties
Tank Volume/Cost Model PNNL | Estimate tank material,

o | design and cost
Finite Element Models

Metal Hydride (MH) SRNL | Tank Heat and Mass
Adsorbent (AD) SRNL  Transfer Models

Framework Model with
Physical Storage UTRC/NREL ’Estimate light-duty
Metal Hydride (MH) UTRC/SRNL/NREL | vehicle performance for
Chemical Hydride (CH) PNNL/NREL each storage system

with four drive cycles

Adsorbent (AD) SRNL/NREL -

AD/CH System Estimator PNNL/SRNL This Year’s Work

AD Isotherm Fitting Tool SRNL This Year’s Work
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Accomplishments and Progress

Improved Website Access and Support

HSECoE website: Improved model access/description

http://hsecoe.org/
@ Hydrogen Storage Engineering ” /
CENTER OF EXCELLENCE -

b

Model Support and
Feedback: e i et
HSECoE@nrel.gov Models B

+ Hydrogen Vehicle Simulation Framework

@- Hydrogen Storage Engineering /| \
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» What is the Metal Hydride Acceptability Envelope [AE)?

AE Madal

» What is the Metal Hydride Finite Elemants MHFE) Model?

MHFE Model

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

+ Hydrogen Storage Tank Mass and Cost Estimation Madel

+ Dawnloads

» Model Support and Feedback
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Accomplishments and Progress

Improved Website Access and Support

Model documentation and downloads
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MODEL DESCRIFTION AND USER MANUAL
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Accomplishments and Progress

Automated Isotherm Fitting Simplifies Model Use for Material
Developers

o Excess Adsorption Data Fitting Script
o Written in MathCad™ and 1/O in Microsoft Excel
o Push Button Solution
o Preliminary Model Evaluation:
o Powder MOF-5
o Compacted MOF-5 (0.32 g/cc, 0.4 g/cc, and 0.52 g/cc)

o Activated Carbon

@ HSECoE



Accomplishments and Progress

Inputs Table Requires Adsorption Parameters in Excel™
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406 = bk density [kg../m”), simple measured mass | volume
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4-]. from Helium measurements
108.00 = Tatal number of data points
= maximum Temperature [K]
minimum Temperature [K]
maximum Pressura [Pa]
44608 85 = minimum Pressure [Pa]
100 = Limiting adsarption {nys.) [molkg.,.] inibal guess
2500 = Entropic factor (alpha) [Jimal] initial guess
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Accomplishments and Progress

Output Table Provides DA Parameters and Error

David Tarnburella
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Accomplishments and Progress
Output Table Provides DA Parameters and Error
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41 28713 9.04E+06 2113 3470.04 24220 14.25% 17970 15.16%
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Accomplishments and Progress

Isotherm Fitting Results

o All fitting results performed had a sum of squares error less than 5.0

o All but one had a sum of squares error of less than 2.0

o Sample Result: 0.4 g/cc Compacted MOF-5

30
- —
3 / L) ] —Fit-- 88K
E 20 ——Fit--192 K
= —Fijt -- 297 K
S 15 -
o ¢ Data--77K
o
§ 10 m Data-- 88K
g . Data -- 192 K
X 2 — e Data-- 297 K
.//: - — Nmax = 93.09 mOI/kgads
0 | ' | | | alpha=  2482.89 J/imol
0 20 40 60 80 100 Beta = 16.36 J/mol/K

Po = 1.0056E+09 Pa

Pressure [bar] V.=  0.001658 m*/kQags

@ HSECoE

Vy =  0.001950 m*Kgags

1h5)



Accomplishments and Progress
Sizing Routine Estimates All Input Parameters Needed for

Framework
* Benefit

* 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

)

@ HSECoE
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Accomplishments and Progress

Executable Sizing Routine — Chemical Hydrogen Input File

=| - -
FILE HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW ACROBAT Team Brooks, Kriston P ~
[mm) 1£—31
“D ?“ Arial -0 - A A == = - E—f‘Wrap Text General - |::=—| ’__‘__;J ’__‘)) EEED E)( IEI ZAutDSum . %Y H]
Paste % B I U- fy . A . === & 3= Merge&Center - $ -0 0 gL oM CDnditiPnal Formatas  Cell Insert Delete Format Ellll i SPr‘t& Find &
- Formatting = Table~ Styles~ - - - — \lear Filter = Select -
Clipboard = Font ] Alignment ] Mumber ] Styles Cells Editing -
A B c D E F G H | J -
1 N Values Units Comments
2 ExoEndo 1 - Exothermic/Endotheric Flag (Exo =1, Endo = 0) I
3 | Kinetic_Maodel 1 - Kinetic Model Flag (Avrami Kinetics = 1, nth Order Kinetics = 2)
4 MW_CH 30.8 g/mol maolecular weight Chemical Hydrogen Material
5 slurry 1 - Fluid Properties Flag (Slurry (1) or Liquid (0))
6 x_H2 0.152 - Wt Fraction H2 in the CHS Material
7 n_rxn 1 - Mumber of Reactions to Model (1 or 2)
8 DH_rxn_1 -17981 J/maol H2 Reaction Enthalpy Rxn 1 (negative=exothermic) .
9 Betal 2.355 mal H2/mol CH Malar Ratio H2 maximum for CH material Rxn 1
10 Al 244 sec-1 Pre-exponential factor for Rxn 1 — ReaCtlon Parameters
11 E1 29900 J/mal H2 Activation Energy for Rxn 1 . .
12 n1 31 - Exponent for Avrami or Reaction Order for Rxn 1 W g ht F t H
13| DH_mxn_2 0 J/mol H2 Reaction Enthalpy Rxn 2 (negative=exothermic) el raC Ion 2
14 Beta2 0 mal H2/mal CH Malar Ratio H2 maximum for CH material Rxn 2
15 A2 0 sec1 Pre-exponential factor for Rxn 2
16 E2 0 J/mal H2 Activation Energy for Rxn 2
17 n2 1 - Exponent for Avrami or Reaction Order for Rxn 2
18 ¥_inert 0.5 - Weight fraction inert with CHS Material to Slurry _
19 Cp_CH 2694 Jikg/K Heat Capacity CHS Material
20 Cp_i 1846 J/kg/K Heat Capacity inert slurrying agent . .
21 Cp_p 774 Jikg/K Heal Capacity CHS Material Product H t C t & D t
22 rha_CH 780 kg/m3 Density CHS Material ea apaCI y enSI y
23 rho_i 1000 kg/m3 Density inert slurrying agent
24 tho P 1640 kg/m3 Density CHS Material Product
25| ppm_imp 500 ppm Concentration of impurity 1
26 A_imp 0.1 g impurity/g adsorbent Adsorbent maximum loading impurity 1
27| MW_im 17 g/mol maolecular weight impurity 1 B
28 ppm__impp2 2000 gpm Concentrationgof im:urity¥2 I m pu rltles
29 A_imp2 0.35 g impurity/g adsorbent Adsorbent maximum loading impurity 2
30 MW_imp2 80.5 g/mol molecular weight impurity 2
31| Useable H2 5.6 kg Mass of usable hydrogen required
32 Power 40 kW Average Hydrogen Storage H2 Production Required
33 Pset 25 Ballast Tank Pressure Initial Condition and Setpoint . g
34| Q_heater 8000 Reactor heater per length Operatlng Condltlons
35 Tmax 400 *C Maximum acceptable reactor temperature
36
37

7:]) HSECOE
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Accomplishments and Progress

Executable Sizing Routine — Chemical Hydrogen Output

Cli

FORMULAS DATA REVIEW VIEW

=_ &- EF(-‘WrapTact
=== &5 [E Merge & Center -
Alignment F]
D
Description

System Mass and Volume

Total Estimated System Mass

Total Estimated System Volume

DOE Gravimetric Target 2020

DOE Volumetric Target 2020
Input Parameters

Reactor Length

Ballast Tank Volume

Mass Chemical Hydride Required

Output.xlsy - Excel

ACROBAT Team

. |::=—‘ S‘ L—"-“ E‘II E>§ EI > AutoSum - %Y IH]

General

$-%

s &0 o Conditional Formatas
.00 30
Farmatting =

Mumber £}

E

Fraction chemical Hydride in Slurry or Liguid

Slurry Radiator Length

Hydrogen Gas Radiator Length
Impurity 1 Conc.

Impurity 2 Conc.

Recuperator Flag (1 = endothermic)
Recuperator Length (if endothermic)

Intermediate Values

H o v s
FILE HOME  INSERT  PAGE LAYOUT
® ot -l <A A
Ep -
Paste - B I U- BN A
ipboard Font F]
A B C
Name Value Units
TotalMass 218.8343 kg
TotalVolume 236.6091 L
DOE_Mass_Target  0.02559 kg H2/kg sys
DOE Vol Target  0.023668 kg H2/L sys
Framework
ReactorLength 1.574 m
Vballast 0.092683 m3
MFeed 128.1465 kg
X_CH 0.5 kg/kg
LigRadLength 3.671969 m
3 |GasRadLength 0.961873 m
ppm_imp 0 ppm
ppm_imp 0 ppm
6 |Recup 1--
Recuplength 1.78423 m
Startup Time 187.6743 sec

19
20
21
22
23
24

2

26
27
28

40

a4

1) HSECoE

Time to Reach 30% Conversion

Framework Values: Reactor Parameters

reactparam.Al 1.2E+10 1/sec
reactparam.E1 102200 J/mol
reactparam.nl, 2--

reactparam.betal

reactparam.DH1 -7600|J/mal
reactparam.A2 0 1fsec
reactparam.E2 1000 J/mol,
reactparam.n2 1-

reactparam.beta2

reactparam.DH2 0 J/mol

reactparam.rxntyp 1--
reactparam.D 0.0444 m
reactparam.thick 0.0017 m
reactparam.rhoslur 1244.147 kg/m3
reactparam.MW 30 g/mol
reactparam.Cpsluri 1423 J/kgfK
reactparam.rhome 3000 kg/m3
reactparam.Cpmet 470 J/kg/K
reactparam.CpH2 14400 J/kg/K

Arrhenius Parameter Reaction 1
Activation Energy Reaction 1
Exponential Factor Reaction 1

1.5 mol H2/mol CH Ratio H2 to CH Produced Reaction 1

IReaction 1Enthalpy

Arrhenius Parameter Reaction 2
Activation Energy Reaction 2
Exponential Factor Reaction 2

0 mol H2/mol CH Ratio H2 to CH Produced Reaction 2

Reaction 2 Enthalpy

Type of Reaction(1=Avrami, 2=nth Order
Reactor Diameter

Reactor Wall Thickness

Density Slurry

Chemical Hydride Molecular Weight
Heat Capacity Slurry

Density Steel

Heat Capacity Steel

Heat Capacity H2

Framework Values: Liquid Radiator Parameters

A ANAE AL e (1

=

clurocad d_11vie

Sheetl

Eliscer Aadiator i ot

F G

7

- =

Brooks, Kriston P =

& Fill-

Insert Delete Format Sort 8 Find &
- - € Clear ~ Filter = Select =
Cells Editing ~
J K L M N (|~

System Mass & Volume

Key Design Parameters
used in Framework

Intermediate Values

Other Framework Values
For each Unit Operation

Output: Provides all parameters needed for full Chemical
Hydrogen storage system.

18



Accomplishments and Progress

Executable Sizing Routine — Representative Results for CHS

Calculated System Parameter Ammonia CBN*
Borane

Total System Mass (kg) 133 188 117
Total System Volume (L) 146 161 135
System Gravimetric Capacity 0.042 0.029 0.048
(kg H,/kg system)
System Volumetric Capacity 0.038 0.035 0.041
(kg H,/L system)
Reactor Length (m) 0.64 1.28 2.3
Ballast Tank Volume (L) 14 22 32
Mass Chemical Hydride (kg) 77 128 70
Fraction Chemical Hydride 0.5 0.5 1
Liquid Radiator Length (m) 24 1.6 0.9
(3 tubes)
Gas Radiator Length (m) (1 tube) 1.2 1.0 1.4
Recuperator Length (m) (3 tubes) 0 3.22 0.8
Startup Temperature (°C) 178 202 279
Ballast Time (s) 75 117 176
(j ]
*CBN: CNHZ —6H> [/\N”B“N —6H; 2 N’B‘“N
3 | | | _ | |
@ HSEC E Bz 47 wi% H, '\/B“rx@ 4.7 wt.% Hy = B\NL/BJ
\) 0 e Rxn 1 Rxn 2 ‘



Accomplishments and Progress

Executable Sizing Routine — Adsorbent Input File

A\ David Tamburella

Neutra o Gx (m "
- ; il -
Input Insert Delete oMt Sert& Find &
- : & Cloar Fi Select
> ~
F G H | J K

S Ausial 10 A A - # p Text senesal ,, L Momal
e B I u- b A % Morgo & Cento $- % 9 o) Akl
M Fomat Pt A oimating *  Table
ard Fer
D31 I
A B (] D
1 - Values Units Comments
2 Pi 1.00E+07 Pa Initial/Full tank pressure
3 Pf 5.00E+05 Pa Initial/Full tank temperature
4 Ti 80 K Final/Empty tank pressure
5 Tf 160 K Final/Empty tank temperature
& H2usable 5.6 kgus Target usable hydrogen
7 type_Ads 1 Type of adsorbent/HX: 1) Powder/HexCell, 2) Compact/MATI
8 alpha 2895.12802 Jimolyz D.A. Parameter -- Enthalpic contribution to the characeristic free energy of adsorption
g beta 15.29117 Jimolyx/K  D.A. Parameter -- Entropic contribution to the characeristic free energy of adsorption
10 m 2 D.A. Parameter -- Exponential constant for adsolute adsorption
11 nmax 96.43165 mol.o/kgase D.A. Parameter -- Maximum H2 loading of the entire adsorption volume
12 PO 1.39E+09 Pa D.A. Parameter -- Pseodo-saturation pressure (pressure of the gas phase)
13 rho_ads 130 kgpee/m® D.A. Parameter -- Bulk Density of the MOF-5
14 Va 0.00169712 msa‘kg;lcs D.A. Parameter -- Adsorbed volume per mass of adsorbent
15 Wy 0.00725 m*/KQace D.A. Parameter -- Void volume per mass of adsorbent
16 k 0.3 Wim/K Thermal conductivity of the adsorbent
17 Cp 780 Jika/K Specific Heat of the adsorbent
18 Ads_Cost 11.8 $/kgags Projected cost of the adsorbent per unit mass
19  th_ins 0.026 m Pressure vessel insulation thickness
20 th_LNZ2 Om Pressure vessel LN2 chiller channel thickness (minimum value of 1/4" if pressent)
21 TType 4 Type of pressure vessel:
22 0 = Aluminum Type 1
23 1= 316 Stainless Steel Type 1
24 2 = Aluminum + CF Type 3
25 3=85SS+CF Type 3
26 4 = Plastic + CF Type 4
27

Operating Conditions

Adsorbent condition and
Dubinin-Astakhov (D.A.)
Parameters

Thermal properties

Pressure vessel design
considerations

Operating Condition Limits: 5.0 bar < P < 700 bar
40 K<T<400K

Calculations should be limited to the adsorbent excess adsorption data range

7:]) HSECOE
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Home

H2stored

System_mass

System_Cost
Grav_Cap
Val_Cap

9 Rark

1
2
3
4
5 System_vol
€
7
8

11 P

12 Ti

13001

" TE

15 N2usable
16 typa_fuds
17 alpha
18 beta

1% m

20 nmax
21 PO

22 rho_ads
21 Va

24 Wy

25 k

26 Cp

27 Ads_Cost
28 th_ins
29 th_LN2
30 Thype

32 notal

33 lmass_inkHX
34 vel_inhX
35 Cost_inliX
36 mass_ads
37 vol_ads
38 Cost_ads
39 m_H2

40 m_H2 ads
41 m H2 gas
42 vol_gas
43 Cost_H2
A4 mass_tank
45 vol_tank
46 Cost_tank

Accomplishments and Pro

Executable Sizing

$-

Iroset

Units

—i7y Output values
5.714285714 kg_H2
113.3458877 kg
2812933333 L
2664.635557 5
0,049406292 g_M2/g_sys

19.9080438 g H2/L_sys
7455876711

Value

Input values
100 bar
B0 K
5.5 bar
160 K
5.6 kg N2
1

2895.12802 Jfmol_H2
1529117 Jfmel_H2/K
2
9643165 mol_H2/kg_ads
1387070830 Pa
130 kg_sds/m"3
000165712 m3/kg_ads
0.00725 mA3jkg_ads
0.3 Wim/K
780 1fkgf®
118 $/kg_ads
0026 m
Om
1

Intermediate Caleulations

0759938979 kg_H2/kg_ads
1012626399 kg
3750475553 L
67502904565 &
2198318138 kg_ads
174.035335 L
1185
5714285714 kg_H2
5.714285714 kg_H2
0 kg H2
oL
1542857143 §
5879113661 kg
264.7503323 |
1330.759166 3

47 N_tank 1
48 |_tank 1800.326516 mm
49 D _rank 446, 2418486 mm
50 Lte-D 403443331
51 1 eyl 147774755 mm
52 L_inmt 1725069316 mm
53 DO int 3709826486 mm
54 Rl 1B5.4913243 mm
55 2 189.4913243 mm
56 R3 1977209243 mm
57 R4 197.7205243 mm
58 RS 2211206243 mm
59 RG 223.120243 mm
60 m_BOP 16,728 kg
61 wvol BOP 16543 L
i

Sheet1 | Sheet2 | Sheetd
Heady

T) HSECoE

ress

outine -

Fomulas Data Review View

Description

Total hydrogen stored

Total H2 Storage Spstom Mass

Total H2 Storage System Volume

Total Projected H2 Storage System Cost

System-based gravimetric capacity

Systern-based volumetric capacity

Overall systerm rark based on mass, velume, and cost (better systers have higher values”

Initial/Full tank pressure

Initial/Full tank temperature

Final/Empty tank pressure

FinalfEmpty tank temperature

Target usable hydrogen

Type of adsorbent/HK: 1) Powder/HexCel, 2) Compac/MAT)

DA Parameter - Enthalpic contribution o the characeristic free energy of adsorprion
DA Parameter — Entropic contribution to the characeristic free enengy of adsorption
DA Parameter - Exponantial constant for adsofute adsorption

DL Parameter — Maximum H2 leading of the entire adsorption volume

DA Parameter — Pseodo-saturation pressure {pressure of the gas phase)

DA Parameter — Bulk Density of the MOF-5

DA Parameter — Adsorbed volume per mass of adsorbent

D.A Paramoter - Void volume por mass of adsorbent

Thermal conductivity of the adsorbent

Specific Heat of the adsorbent

Projected cost of the adsorbent per unit mass

Pressure vessel insulation thickness

Pressure yessel LN2 ehiller channel thickness (minimum value of 1/4° if pressent)

Type of pressure vessel: 0 = Type 1Al 1= Type 195, 2 = Type 3 ACF, 3 = Type 3 55:CF, 4 = Type 4 Plastic+CF

Mass of H2 stored per mass of adsocbent

Mats of the internal Heat Exchanger

Voluma of the internal Heat Exchanger

Projected cost of the internal Hest Exchanges

Mass of the adsorbent material

Volume of the adsorbent matarial

Projected cost of the adsoroent material

Total mass of hydrogen stored

Mass of hydrogen associated with the adsorbent

Mass of hydrogen in the free space [outside of the adsorbent)
Volume of gas in the fres space {outside of the adsorbent)
Projectad cost of the hydrogen

Total mass of the tank [prossure vessel, insulation, oz}

Duter volume of the tank

Projected cust of th Lank

Total number of tanks (pre-set to 1 tank)

Outer length of the tank

Duter diameter of the tank

Length-to-Dismeter ratio of the outside of the tank

Length of the cylinder section of the tank

Internal length of the tank

Internal diameter of the tank

Radius of the tank interior

Duter radius of the tank pressure vessel (type 1) or the pressuse vessel liner (type 3 or 4]
Outer radius of the tank pressure vessel (carbon fiber of type 3 o1 4)

‘Outer radius of the LN2 chitling channels (if pressent)

Duter radius of the tank insulation

Outer radius of the outer shell of the tank {outer shell thickness pre-set to 2mm)
Mass of the balance of plant of the H2 storage system

Volume of the balance of plant of the H2 storage systam

—\

Adsorbent Output File

— System level outputs

— Repeat of the calculation inputs

Intermediate calculation results:
-- Pressure vessel description
-- Internal heat exchanger
-- hydrogen storage breakdown

Output: Details needed for a full adsorbent H, storage system.

21



Accomplishments and Progress
Executable Sizing Routine — Representative Results for ADS

_ Gravimetric Capacity | Volumetric Capacity m
[912/9sys] [Gh2/Lsys]

MOF-5 Powder

[130 kg/m?] 0.0338 g112/Gsys 18.6 gpollsys HSECoE
MOF-5 Compact

[406 kg/m?] 0.0314 gh2/9sys 21.3 g/l ys HSECOE
DUT-23 (Co) Powder* Ford /

[200 kg/m?] 0.0348 g112/Gsys 20.7 Grizlloys University of Michigan
IRMOF-20 Powder* Ford /

[200 kg/m?] 0.0341 6112/0sys 203 Griall-sys University of Michigan
MOF-5 Powder 0.0332 gy1,/9sys 19.6 gpo/lsys HSECoE

[200 kg/m?3]

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

System Design Assumptions:

©)

O
O
O
O

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

5.6 kg of usable hydrogen (~5.714 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

p = ."‘\_‘
/ \ LIV EESTTY OF
. 0 MICHIGAN

22



Accomplishments and Progress

GUI Improvements: Storage System Design Tool Incorporated

into Framework

B Figure 1: Vehicle smulation I

Length gas radiator m (0.1 - 37 Mg 0775
Length hiquid radiator ~~ m (0.1-3) 0Mg
Length reactor -3 12
(0.1-300) 31871

Mass in feed tank

Results (at end of simulation)

@ HSECoE Hydrogen Vehicle Simulation Framework

Select storage system CH_Usarspacded - gagram | | System diagram
CH User Specibed ) o '
Running scenario Storage system viaables - Single run

Ausiliary lands KW (02-2) 07 Prassure setpoint stm  (15-50) 25
Testcase Ballast volume w3 (g 0.05) [0 0240¢
1 Fuel economy test (UDDS | | Eraciion CH in feed ol o5

f .
H2 delvered kg Pressu Q-;_ CH_SystemDesign
H2 used kg Raw dig}
Usable H2 kg Calculal
Storage system mass kg Cakulajg
Storage system volume L Taokst;‘
Gravimetric capacity %
Volumelric capacity gL
On-board efficiency %
Temperature c
IEETSENgm)  Save results

|
UsableH2
Power
Pset
Q_heater

Prandtinum

Operating Conditions
56
40
2%

Load Inputs

Description:

et

System Diagram |

Design Dncumentaﬂon) General Documentation

Tmax

(t1) HSECOE

* Input user specified parameters
for new material/design

» Design tool calculates framework
inputs for new material/design

* New material/design can then

added to future vehic

Ainputs\CH_UserSpecified. mat

CH User Specified

Design Parameters

bient Temperature 0
Liquid Radiator Length (m} 0709133
Reactor Length (m] 1.28
Ballast Tank Volume (m3] 0.0240627
Mass Chemical Hydride (kg] 81.8713
Fraction Chemical Hydride 05
Prassure Set Point (bar) 25
Gas Radiator Length (m) 1.07752
Impurity 1 Conc. (ppm) 500
Impurity 2 Conc. (ppm) 2000
Endothermic Flag (1=yes] 0

TotalVolume 0.168065
TotalMass 145.413

Storage Volume

and Mass Outputs

le simulation




Accomplishments and Progress

AD Model Improvements: Expand Model Capability

e Adsorbent model updates:

e Improved hydrogen properties
calculations for faster time steps /
improved solution convergence.

o Validated the adsorbent model
estimates using powder MOF-5 and
0.32 g/cc, 0.4 g/cc, and 0.52 g/cc
compacted MOF-5 excess adsorption.

e System model updates:

e Updated tank design controls to
include Type 1, Type 3, and Type 4
pressure vessels.

e Included insulation thickness
control to the design space to
account for cryogenic to room
temperature operation.

\[ED HSECoE
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Accomplishments and Progress

CH Model Updates/lmprovements (Krlston)

e Remove unneeded complexity to

decrease model computation time -—— _: Q =

e Radiator, Recuperator, Ballast Tank

e Added nt" order reaction kinetics
with two series reactions as an
alternative to two parallel Avrami
reactions

e A>B>C

=k, [Co (1 e )]nl

kinetics

e Eliminate need for separate C++
Compiler

oa,
ot

0 "
gtz =k, [CO(al -, )]

kinetics

e Use MatLAB functions rather than S-
Functions

e New version of MatLAB require importing
separate C++ compiler

@ HSECoE

~ |
e

B

e B

]

I
e
»—
<=
=
o
=

AR iAd|

Impuritie Tank
Fllter 2
Vokae Borazine! T o Fuelcan
b - isplacament Ammonis artculite
Feed rea () ?ar:'i- (TNK-1) Fier (FT-2) J;W F14) |
Product —T—— | E LT
Tank wun D o & -
- , Gas Radislo
...... oo ], " Radiators
& ——
__________ - Q 4 HH b
) I u + Coalescing
Filter (FT-1)

ps.‘a
Separator

Exothermic System
Reactor

- Mass & Energy o Parasitic Energy
ol i it i { Ma M xh
() Moseled in Diferentia (L) Mass Modeled @ "
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Accomplishments and Progress

Model Website Analytics (through April 2017)

Sessions * | VS. Select a metric Hourly Day Week Montl

@ Sessions

100
‘5[]
July 2016 October 2016 January 2017 April.
-
B New Visitor M Returning Visitor
Sessions Users Pageviews
Sessions = 10 sec Sessions > 10 sec Sessions > 10 sec
676 he22 9,873
Pages / Session Avg. Session Duration Bounce Rate
Sessions = 10 sec Sessions = 10 sec Sessions > 10 sec

8.69 00:07:32 0.00%
o —_—— T

% New Sessions

Sessions = 10 sec

71.89%

(i) HSECoE 26




Accomplishments and Progress

Model Website Analytics Web Flow

25% of users go directly to
modeling webpage

| Country ) (=

= United States
248

= Russia
* 44

= United Kingdom
= 41

wp India
=+ 40

= Germany
* 33

-
= 270

@ HSECoE

1st Interaction
= ions, 132 drop-Uts

Starting pages
676 sessions, 91 drop-offs

= /models php
106

= technologyareas. html
m, |

= /technologyareas.html
91

Iprogress.html
m. |

w— /riission. htmi

m
wm [models.ph
. in )
41
» i
ﬁ 5|:J‘.:Jr0gr\9:53 html 1
= /3nproach.html
im "
= /presentations himl ‘ ﬁ ;;%aﬂners htmt |
15
= (8 mMore pages)
, | 195
ﬁ Eodels.hﬁm[ ﬁ i s ‘
237
wmm /publications_htmi
. ‘

& more pages
ﬁga pages)

Largest fraction of subsequent
interactions are to the modeling webpage

Website users are going to the model webpage

339 sessions, 73 drop-offs

w /rriodels ph
im php

ftechnologyareas htmi
ﬁ 3 gy

= /Fpproach himf
. 40

m /Darners. html
i

/progress html
ﬁ 3p0 ?

= (0 more pages)
141
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Accomplishments and Progress

Model

Website Analytics DOWNLOADS

MODEL (Since AMR16)

H, Storage Tank Mass
and Cost Model 150 (49)
MHAE Model 46 (17)
MHFE Model 74 (33)
Vehicle Simulator
Framework Model 107 (39)

&

@ HSECOE

T 5

39 new downloads of the Vehicle Simulator
Framework Model since April, 2016.

28



AMR Comments
2016 AMR Comment 2017 Response/Approach

Models written in MatLAB/Simulink may not  Have developed executable sizing

be utilized by material researchers routines that do not require
MatLAB/Simulink
Outside materials developers would find it Source code is available on the website

useful to have access to the source codes.  and can be modified (user beware)

Make accommodations for RT Adsorbents Model currently can accommodate RT
adsorbents but BOP not yet accounted
for properly.

Documentation of the instructions for the User manual provides specific software
models should be provided--including requirements and critical assumptions.
specific software requirements and critical Journal articles provide documentation
assumptions of approach.

The project should obtain feedback from Evaluating materials from others,
“outside” users that are not HSECoE including non-HSECoE members:
members and then make adjustments based -- Mike Veenstra, Ford Motor Co.

on their input—users workshop -- Don Siegel, University of Michigan

-- Jeff Long*, UC Berkeley

*New collaboration — the team is altering the codes to accommodate Jeff’s room temperature adsorbent material.

@ HSECoE



Collaborations

Relationship Responsibility

NREL Ut Federal ) jate Website and Framework
Member Lab
SRNL Team Federal  Adsorbent and Compressed
Member Lab Gas Modeling
PNNL Team Federal @ Chemical Hydrogen and Metal
Member Lab Hydride Modeling
Beta Testing, Fuel Cell Model,
Ford Consultant Industry Adsorption Data
RCB :
Hydrides Consultant Industry S Tgstlng, N SIEEEE
Expertise
LLC
Unlyer§|ty ol MEVEIEL Academia Adsorption Data
Michigan Developer

University of
California
Berkeley

@ HSECoE

Material

Academia Adsorption Data
Developer

)



)

Remaining Challenges and Barriers

e Increase the use of the models by material developers

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

Simplify the model use for non-modelers

e Increase the use of the models by systems engineers

Potential expansion of the model capabilities to other vehicle
classes

e Demonstrate the model’s utility to other researchers

Applying the models to their applications
e Find available data to validate the model

HSECoE
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Proposed Future Work

Model Path Forward — Next Steps

e Convert isotherm fitting routine into MatLAB and stand-alone
executable file

e Update Adsorbent model to address room temperature BOP

e Develop stand-alone system executable for MH and Compressed
Gas Storage

e Develop volume-based design to target specific vehicle volume
limitations/designs and/or, potentially, additional vehicle classes

e Update Adsorbent model with Unilan (or the 2-state Langmuir)
models in addition to the D-A model.

e Expand model to other vehicle classes (beyond light duty)

e Work with Material Based H, Storage Developers to Apply model
to their materials

e Maintain and enhance exiting framework models and track web
activity and downloads.

@ HSECoE
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Proposed Future Work
Past and Proposed Future Deliverables

Deliverable m

3 Develop storage system sizing pre-processor (CH storage system). Complete
SMART milestone — Develop a stand-alone isotherm data fitting routine to

4 . : . Complete
convert raw excess adsorption H, data into its D-A parameters.

5 GUI Update for user input capability and documentation. Complete

SMART milestone - Stand-alone System Estimator: Executable version of
6 the sizing functions for Adsorbent and CH models to create first-order Complete
storage system estimates based on material properties.

Update web models: Executable System Estimators, Isotherm Fitting Tool,

! GUl/framework. SR

8 Develop MH and compressed gas storage system estimators 9/2017
Provide update on web portal activity—web site hits and time on site, web

9 : 12/2017
site use locations and model down loads.
Update Adsorbent and CH models with volume-based design to target

10 . ) 3/2018
specific vehicle classes
Alternative Storage System Formulations: Update the hydrogen storage

11 equations for additional theoretical formulations. (i.e. Unilan or 2-state 6/2018
Langmuir)

[1 12 Update models with expanded vehicle class options and newly available 9/20185

data from other DOE programs

4



\ED,

5)

Technology Transfer Activities

e Tracking model downloads
e Requesting feedback from users

e Utilizing Beta Testers from industry to evaluate the utility of
the models and suggest improvements

HSECoE
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Summary

Relevance

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

Approach

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

Technical
Accomplishments
and Progress

Developed system estimator for CH and Adsorbents.

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

Developed a stand-alone isotherm data fitting routine for D-A
parameters.

Improved website and model accessibility.

Collaborations

Project team includes NREL, SRNL, and PNNL.
Consultants from industry participate in team meetings and
provide input.

Proposed Future
Research

Expand the use of models by demonstrating their utility with
other storage materials, theoretical formulations, and vehicle
class options.
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Collaboration

Questions?
HSECoE Models on the WEB Team:
Matt.hew Thornton SRNL
David Tamburello r— TS S e
Kriston Brooks ! -
Sam Sprik P

With support from Bob Bowman and Mike Veenstra

Adsorption data provided by Ford, University of
Michigan, and University of California Berkeley

Special thanks to the rest of the HSECoE, Jesse
Adams, and Ned Stetson
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