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Distributed low-cost liguid oxygen enables more ~

Pacific Northwest

effective gasification of coal and biomass =

» Industrial air separation units (ASU) produce O,, N, Ar, He, and other noble gases
= Cryogenic or non-cryogenic ASU provide different capacity and purity
= Cryogenic ASU used for high-capacity rates and high product purity
= EXxisting cryogenic ASU produce 1,000-2,000 tonne/day of LOX and 4,500-9,000

* Immediate need for more efficient and less expensive smaller-scale ASU for LOX
= Project target is to develop ASU to produce 10-90 metric ton/day of low-cost LOX
» Objective of PNNL project is to develop efficient, small-scale, cost-effective
cryogenic ASU by leveraging integration of two innovative PNNL technologies

» Replace turbo-Brayton cycle air liquefiers with magnetocaloric liquefiers (MCL)
v MCL designs can increase ASU energy efficiency by ~50% and capex by ~25%
= Replace conventional dual distillation columns with microchannel distillers (MCD)
v MCD designs can reduce ASU footprint by ~5 times

* This presentation summarizes progress made during the past year



The entire MCL test apparatus was upgraded
) Pacific Northwest
around improved 6.5 T magnet system R

Reciprocating dual multi-layer
magnetic regenerators system

Helium heat transfer system

Superconducting magnet in
high-vacuum cold box and 4 K
cryocooler

Reciprocating drive mount assembly

~48 different T, P, flow, force,
position, field sensors and linear
drive interfaces

LabVIEW DAQ and Control system
to run entire apparatus

First run with 5-layer MCL was in
mid January.

Most subsystems worked well, but
several surprises encountered too. |




Key deliverable in SOW - Demonstrate an —
efficient MCL prototype for LAIR for an ASU/LOX "eR&artuesss.,
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Key milestone — testing MOLS prototype exoskeleton ~
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to eliminate magnet eddy current +AC loss heating oo teomsonr

MOLS 1.0 T Force Imbalance with Exoskeleton 3_14 2022
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SOW deliverable - A new 200-psia liquid propane heat
transfer fluid subsystem has been successfully tested

» 400 psia He HTF pressure drop limits efficiency in 290 K to 100 K
MCL designs; Need high density, low viscosity HTF

= Subcooled, saturated, liquid propane HTF @ ~200 psia freezes at 90 K

* Test results

= Leak rate of 1 x 108 torr*liter/sec; vent system meets safety protocols

= Bulk pressure of 173 psia

= Both primary and diversion flows tested for virtual MOLS MCL volumes
» Pressure/temperature sensors show oscillations agree with pumping

speed
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SOW Deliverable — Design dual column MCD PR
to integrate with MCL MCL for ASU O L
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Three modules in ASU (from left to right)

= Clean, dry air compression, air liquefaction, and
dual distillation columns for LOX and LN2

* 100 kg/day of air intake at 100 psia
* 12 kg/day of 99.0% pure LOX at 100 psia output

295 Kto 100K
MCL

s =
Column * 35 kg/day of 99.0 % pure LN2 at 15 psia output
MCD = 53 kg/day recycle stream 79% N2, 20% 02, 1% Ar

* Used MCD technology for mechanical design
* Rapid prototype full-size mockup of one column

* Numerous design
variations were modeled
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SOW deliverable — Design an efficient MCL
module to integrate with MCD for ASU

Two rotary wheel stages cool 100 psia air from
295 K and liquefy it at ~100 K
Six proven thermomagnetic refrigerants

= Refrigerant mass/layer sequentially decreases
from hot-to-cold stages

Liquid propane HTF flows vary by layer

All stages have ~6.5 T uniform flux density over
~120° arc of magnetic wheel

Variable frequency with ~1 Hz design choice
Expected performance for MCL is FOM = 0.60 ;
improvement over FOM = 0.25 of conventional
Estimated cost of ASU will be analyzed after
MCL/MCD design integration is completed.
Determine how this type of ASU scales

®  Expect ISO container size will be a few tonne/day

B Scaling to larger sizes will be accomplished by
putting containers in parallel

Lig Propane Bypass return
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Technoeconomic analysis for integrated ASU —
making 10-90 tonne/day of LOX is a deliverable ™ tSa®resss.,
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* Cornelissen and Hirs analysis of large-scale ASU shows largest

efficiency impact are air compression and liquefaction modules. eI STbSyStem

Structural subsystem and enclosures
Drive subsystem
Piping and valves

Chiller, HEX (Heat Rejection, Inter-stage, C, P)

CORMNELISSEN and HIRS: EXERGY ANALYSIS OF CRYOGENIC AIR SEPARATION 1815

Table 3. Results of the exergy analysis

LImit Exergy losses {in kW) Rational efficiency
Heat transfer fluid circulators
Aur compressor and cleanimmg 2751 (44 ; -
Main heat exchanger 333 (.E6 Conduction COOImg of magnets
mstillation unit TER .46
Liguefaction umit 4853 (.25
Argon purifying unit Bs .02 .
Totg I 2810 028 ——— Superconducting Magnet subsystem

Regenerator Housing assembly

* Previous TEA for 6-stage MCL for LAIR operating at 0.5 Hz for
10 tonne/day of LOX with no GN2 return indicated the
percentages of total capex for different components.

» s/c magnets and magnetic refrigerants are largest expenses
» Use layered regenerator to enable only 2 magnets
« Use higher frequency to reduce mass of refrigerants

* Finish TEA analysis for ASU 10-90 tonne/day of LOX

* Industrial collaborators want proof of performance before
. . . $4,258,475 $8,516,950
investing in new technology _

Magnetic regenerator subsystem

Cost-23,150 kg/ day air liquefier Cost-46,367 kg/ day air liquefier




Progress Summary of project-73143 since ~
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May 2021 and completion plans for FY22 M——

* Deliverables completed 4/15/2022
= New liquid propane pump assembled and tested
= MOLS improved to eliminate magnetic force and eddy current magnet heating
= MCD section of ASU analyzed and designed for small engineering scale (100 kg/day)
= Detailed design of MCL module for integrated ASU on track

* Deliverables are on track to be completed before 9/30/2022
= Demonstrate MOLS prototype cools to ~100 K
= Demonstrate liquefaction of 100 psia air at ~1 kg/day
= Design ASU with rotary wheel MCL using propane HTF and dual column MCD
= Complete Techno-Economic Analysis of integrated ASU design as function of scale
= Test propane as HTF in MOLS
= Write 2-3 papers describing results
= Complete several IDRs; 3 in progress and 2 more identified

= Contact potential collaborative partners interested in cost sharing and licensing ASU IP
v Plan to cross the “Valley-of-death” to convince for larger companies the performance is real.






