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Significance of IRAS

e |IRAS is more than just zero boiloff (ZBO)—It is a about gaining control!

e Benefits of Full Control Storage via IRAS:

Reduce or eliminate venting of hazardous gas

Improved Safety
/ —» Fewer LH, tanker offloads

N

™
, "o Densified liquid = easier LH, transfer ops.

Time Savings « >

Money Savings &

Operational Flexibility

\o Weather delays (or other unforeseen events)



Should | implement an IRAS system?

IRAS Economics Map for ZBO LH, Storage

] $e 1.30
IRAS Value Ratio (IVR):
$LHZ 1.20
* Money spent on electricity to 1.10
power the IRAS system for ZBO vs. 100 |DreakEventine | oo L ]
LH, savings 050
0.80
. . . Ce
Commodity Price Ratio (CPR): e 7
CrLuz 2 o N=5%
: . : o0 n=10%
* Price of electricity vs. price of LH, 0.50 &
'\(Q’ n=15%
$ $ 0.40 60
. Ce - v CLHZ - — (.9\& ——n=20%
g 0.30 Q% —n=25%
0.20 —n=30%
0.10 < © GODU-LH2 Case
N = Refrigerator efficiency {%Carnot} .
. 0.001 0.010 0.100 1.000

CPR



Should | implement an IRAS system?

Efficiency and CAPEX of Cryogenic Helium Refrigeration Systems
*CAPEX is for coldbox and compressors only
Adapted from the work of M.A. Green
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Why care about tank thermal performance?

Annual LH, Boiloff Losses

Monetary cost of boiloff

$100,000,000 ; : : : 100,000,000
Boiloff Cost (@ $5.50/kg) i : : 1.1,842,058 gal
Q]iqCLHzt Boiloff Quantity i :
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phfg $10,000,000 i : Y
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_ i & i $7140271 - 1,000,000
$voilofr = Total cost of LH, boiloff losses i & N\ £
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° ' ; 5
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Why care about tank thermal performance?

* Q, driven by tank design

* Cold Triangle Approach [3] Q;
1. Insulation (Q,) /// /
2. Supports (Q,)
3. Piping () Q / | _‘
4. Insulation Quality Factor (Q,) L/ | \ | a
/ ’ = | \ S




Example

50,000 m?3 tank, 0.1%/day NER w/Perlite,
replacing Perlite with Glass Bubbles

C)~qu,perlite =18.4 kW
O~qu,GB = O'54O~qu,perlite =9.9 kW
Total heat load reduction = 8.5 kW

Annual LH, cost savings
(8500 W)($179/W) = $1.52M

Annual LH, Savings per Watt of Heat Load Reduction (@ $5.50/kg LH,)

$389/Watt

$179/Watt

<

ZBO via IRAS

Glass Bubbles vs. Perlite \
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Passive-Active Synergy

IRAS and tank thermal performance are not mutually exclusive, they are synergetic!

Baseline Case

Baseline design: Case 1
* 40,000 m? LH, tank v’ 20% improvement in tank thermal performance
 NER =0.06%/day X No IRAS
* No IRAS
Assumptions: Case 2
« LH, price = $6.25/kg X Baselir?e tank thermal performance
e Electricity Price = $0.12/kWh ¥ ZBO with IRAS
» Commodity Price Ratio = 0.019

_ _ Case 3
Baseline Analysis: v’ 20% improvement in tank thermal performance
* Heat Load = 8.8 kW v' 7ZBO with IRAS

* Annual Boiloff = 8,800 m3 (2.32Mgal)
e Annual Boiloff Cost = $3.9M



Passive-Active Synergy

Baseline Case Case 1 Case 2 Case 3

e 40,000 m3 LH, tank v’ 20% improvement in tank X Baseline tank v’ 20% improvement in tank
« NER = 0.06%/day thermal performance thermal performance thermal performance

e No IRAS X No IRAS v' ZBO with IRAS v' ZBO with IRAS
m— L e 2 o
Heat Load

Annual Boiloff m3 (Mgal) 8,800 (2.32) 7,000 (1.86) 0 0
Annual Boiloff Cost uUsD $3.9M $3.1M SO SO
Annual Boiloff Savings USD --- $800k $3.9M $3.1M
Est. Refrigerator CAPEX' UsSD —-—- --- S4.2M S3.6M
Est. Refrigerator Efficiency % Carnot - -—- 31% 30%
IRAS Value Ratio (IVR) dimless - - 0.121 0.125
Annual IRAS Electricity Cost USD --- - S473k $391k
Est. CAPEX Payback Period Months --- --- 11.5 12.4

¥ Assuming zero margin on the heat load, and including 50% margin for
additional cost beyond the coldbox and compressor

CAPEX savings of S600k between Cases 2 & 3
10



Additional Impacts of Boiloff

Obtaining and liquefying hydrogen is energy intensive, so we need to preserve that investment!

Eliminating boiloff, even a small amount, can have a large positive impact!

Back to our case study....

I 3 ) 273 0 T

Annual Liquefaction Energy Required

Combination of the SMR process and
to Replenish Boiloff Losses

liguefaction power required

Annual Energy Savings By

Reducing/Eliminating Boiloff Gl N/A i = 2k
An.nual €O, Production to Replenish MT 8,671 6,937 N/A N/A Case 1: SMR + Liquefaction power
Boiloff Losses

Annual Reduction in CO, by

Case 1: SMR + Liquefaction power
Reducing/Eliminating Boiloff MT A LoliEs, s S

Cases 2 & 3: Liquefaction power only

Roughly 1 MT of CO, is created per Watt of heat load on an LH, tank

11
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Links used as references for the analysis presented on slide 10

CO2 and Electricity Production

CO2 and the Steam Methane Reformation (SMR) Process

CO2 Produced by Passenger Cars



https://doi.org/10.1063/1.2908683
https://www.eia.gov/tools/faqs/faq.php?id=74&t=11
https://www.forbes.com/sites/rrapier/2020/06/06/estimating-the-carbon-footprint-of-hydrogen-production/?sh=4909717624bd
https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle

Thank you for your attention!

Questions?



Backup Slides



Calculation for curves in IRAS
economics map, slide 4

h¢, = Heat of Vaporization of LH, {J/kg}
n = Refrigerator Efficiency {% Carnot}
T, = Sink Temperature (Ambient) {K}
h¢ [Toln (2) + T, — TZ] T, = Helium Supply Temp. {K}
[VR = CPR— L _—
TI(Tz — T1) , = Helium Return Temp. {K}

See reference [1]



New KSC LH, Sphere Analysis

New 4,700 m3 KSC Sphere
Spec. design:
* 4,700 m3 LH, tank
* NER=0.048%/day
* No IRAS
Assumptions:
* LH, price = $5.50/kg
* Electricity Price = $0.06/kWh
» Commodity Price Ratio = 0.011

Case 1
v" Glass Bubbles
X No IRAS

Case 2
X Glass Bubbles
v'  ZBO with IRAS

Case 3
v" Glass Bubbles
v’ ZBO with IRAS

Units Spec.:l;?i:z tion Case 1l Case 2
Heat Load W 829 525 829
Annual Boiloff m3 (kgal) 827 (219) 524 (138) 0
Annual Boiloff Cost usD $322k S204k SO
Annual Boiloff Savings usD Bes $118k $322k
Est. Refrigerator CAPEX' uUsD - - S900k
Est. Refrigerator Efficiency % Carnot --- --- 21%
IRAS Value Ratio (IVR) dimless --- - 0.102
Annual IRAS Electricity Cost usD - = S33k
Est. CAPEX Payback Period Years --- - 2.7

¥ Assuming zero margin on the heat load, and includes 50% margin for
additional cost beyond the coldbox and compressor

Case 3

525
0
S0
$204k
$700k
19%
0.112
$23k

3.3
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New KSC LH, Sphere Analysis

Tank
Specificat | Case 1 Case 2
ion

Annual Liquefaction Energy Required

Combination of the SMR process and
to Replenish Boiloff Losses MWh 652 413 e i liquefaction power required
Annual Energy Savings By

MWh N/A 2 1 269
Reducing/Eliminating Boiloff / = e
gg:;:‘l L(;CS):leOdUCtlon 1) (S MT 815 516 N/A N/A Case 1: SMR + Liquefaction power
Annual Reduction in CO, by Case 1: SMR + Liquefaction power
Reducing/Eliminating Boiloff MT A e 2 e Cases 2 & 3: Liquefaction power only

17
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