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Research Objective ¥E coogG

Portfolio Objective

Value Proposition: Gasification technologies offer
promising opportunities to generate value from
biomass and waste materials with minimal carbon
emissions

CLEAN HYDROGEN & NEGATIVE CO, EMISSIONS

Biomass & wastes

The objective of the Advanced Reaction Systems poere
Portfolio is to design, develop, and analyze s
technologies to support the mission of the Gasification
Program to enable the use of diverse feedstocks to

produce hydrogen and other value-added products

with net-zero greenhouse gas emissions

Waste plastic
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Task 3: Advanced Gasifier Design

Task 4: Refractory Materials for Multi-Fuel Gasification

Task 5: Oxygen Integration for Net-Zero Carbon

Task 6: Microwave Reactions for Gasification

Task 7: Process Development to Mature Oxygen Sorbent-Based Technology

Task 8: Gasification of Waste Plastic to Enable a Circular Economy

Task 11: Maturing Oxygen Carrier and Catalyst Technologies for Hydrogen Production
Task 13: Pathways to Minimize Clean Hydrogen Cost

Task 14: Feedstock Control for Gasification
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Task 3: Advanced Gasifier Design N =|NATIONAL
TL ) ASoRR0k

Microwave Heating for Fluidized Bed Reactors

-  Combined computational electromagnetics E-Field Temperature Particle Type

CEM) and computational fluid dynamics
MFIX/CFD) to predict the performance of
W interactions in fluidized be reactors.

. (Right) — Logsely coupled spouted fluidized o
bed simulation using MFIX and COMSOL f o 3 ‘,

* Note temperature difference between the MW
Gst?rklber (Blue) and MW transparent (Red)
particles.

Particle_Phase_ID

Temperature

- (Below) - A fully coupled approach using MFIX "
and Elmer is in progress.
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Task 3: Advanced Gasifier Design NElsey, o
° T L | ASORRToRY
Development of Liguid Bridge Model for Agglomeration of Melted Plastic
« Several studies have reported issues associated with agglomeration of the bed material when coated with fused (melted)
plastic during pyrolysis of plastic or municipal solid waste and consequent defluidization of the fluidized bed
« The liquid bridge model implementation was validated for cold flow against Tang et al. (2019) for different viscosities
| Left animation: pyrolysis model is on, and agglomeration model is off
Ceridina N Lo Center animation: pyrolysis model is off, and agglomeration model is on
efluidization increases wi mcreasmg |IQUId VISCOSIty . . . . .
Right animation: both pyrolysis and agglomeration models are on
1 h=50mm Temperature
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Jooms (| o ambas @ 20mbas @ 100mPas le7 1le6 le5 00007 — | | . e e e
'E v e OmPas === = 20mPass - - - ~ 100mPa-s WIIIIIII I 81 T e R A1 W ﬂ A T T e R A R IIIJIJLE“
E 05 A
®
3 . . . . . . . . .
o 0 003 006 008 012 015 Time: 0.05s
X (m) . .
Cold flow validation Mass fraction of plastic Temperature Reaction rates pyrolysis
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Task 4: Refractory Materials for Multi-Fuel Gasification  [N=]vanonal
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Overview

* Objective: Develop novel refractory materials that enables

. . Carbon/Water Slurry -
multi-fuel gasification Ovicioe

* Project Goals:

* Develop refractories that can withstand gasifier
conditions with waste plastics feedstock options

* Facilitate the use of a carbon-diverse fuel in
gasification for production of chemicals, power,

Gasification \% @'

Insulating Refractory Lining
- Ch
amber

Ceramic Fiber
Steel Containment
Vessel

and H, “= Chamber
* Contribute to a circular economy and net-zero >
carbon goal by enabling plastic recycling P gty ]

Hot Face Lining —T

Backup Refr: y Lining

Petcoke

Slag and Quench Water
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Task 4: Refractory Materials for Multi-Fuel Gasification  [N=]vanonal
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Accomplishments ALLIED ) N
o |

Current Accomplishments (EY23) AL (¥ HWI estonat
* Continued working with HarbisonWalker International to evaluate six ceramic bonded [t s cntr e

refractories for use as gasifier liner materials when HDPE plastic is a carbon feedstock. EASTMAN rr— @ i

These refractories include low - high chromia, alumina, and magnesia sintered materials. e Y e

Test coupons were exposed to molten synthetic plastic ash at 1500°C under simulated SORUNDUM  NARMAGS85  AUREXSS i

gasifier conditions for 50 hours. Samples were studied using the SEM, EDX, and XRD.
Initial results indicate chromia and alumina provide no significant advantages over other
materials, probably due to the lack of Fe and V found in coal and petcoke feedstocks.

Metallic Cr
High Al,O, grain

— High Cr,0, grains

* The use of computed tomography (CT) is being evaluated as a means of determining
how slag penetrates into refractory liner material. Plastics may require different, possible
new, liner materials for gasifiers if used in high concentrations as a carbon feedstock.

SERV 95 - Fine grain matrix

Pores

Stage Sample D

lew

* Refractory may contain
internal cracks from pressing,
firing.

* Arrangements have been made to use transmission electron microscopy (TEM) at

Oregon State University to study molten plastic ash/refractory interactions beyond what
can be learned using a SEM.

Preheat
« Pinch spalling due to hoop
stresses

Spalled
Future Research Plans (EY24 - - —) Material
Horizontal Crack Formation
* Finish laboratory studies evaluating potential refractory liner materials for plastic ash (HDPE) " . T,
gasification. Laboratory studies will include limited TEM, CT, viscosity and additive research. . —— N R void Formaton
E # | ~—— spall 18 mm) . = * Wobcoal sl formation
i 0 : : ; : 3" o * [ s Spalling ’ L
* Write a final report summarizing conclusions of studies evaluating HDPE molten plastic O N <[ N Process i
. . . . . . . . . ~<—— Spall (16 mm)
ash/refractory interactions related to potential liner materials in plastic gasification. — . ey
Exposure Time (hours)
* Begin identification of potential refractory liner materials for use in the ASURE gasifier and “ , Repetitive Cyele of Spalling

esign a research approach to study those materials. , G5 o 170
d 1 r 1 h T h t tud th m t 11 1 Engineering Materials, Trans Tech Publications, (1993), Vol. 88, pp. 41-70.

U.S. DEPARTMENT OF




Task 5: Oxygen Integration for Net-Zero Carbon N=|NATONAL
TL TECHNOLOGY
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Overview
* Obijective: Design a metal oxide carrier material capable of
separating oxygen from air and develop a reactor based on NETL
developed carrier materials
Syngas

* Project Goals:

* Develop a carrier material that can rapidly and reversibly H.0
store and release oxygen

* Create a knowledge base and machine learning modelling
tool for the optimization of carrier materials

* Contribute to scaling efforts of an oxygen production
reactor based on NETL carrier materials

F 3

b

Air O, rich Gas Blend

Gas Blend with Steam

6(T,P02)
Sry75Cag,5Fe03 «— Srj 75Cap,5Fe03_5 + > 0,

S. DEPARTMENT OF

NERGY




Task 5: Oxygen Integration for Net-Zero Carbon

N: NATIONAL
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Accomplishments

Current Accomplishments

Demonstrated ability to control capacity, desorption temperature, and
rate through both compositional and surface area changes

Designed and tested a carrier with greater than 2 wt% oxygen capacity
with rates in excess of 2.0 wt%/min and demonstrated stability over
more than 10,000 cycles

Identified a candidate material for scale-up testing

Ellingham diagrams for perovskite carriers have been calculated and
experimentally validated

Two machine learning models have been generated using DFT
calculated Ellingham diagrams

Used ML models to predict, test, and validate an improved carrier
composition

Developed computational models to accurately describe diffusion
pathways within carrier structures with varying oxygen compositions

U.S. DEPARTMENT OF
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Task 6: Microwave Reactions for Co-Gasification of Plastic and
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verview Feedstocks: biomass,

plastics, MSW, Coal
Coupling with
intermittent energy

resources Process Intensification

* Modularity

* Reduction in capex (mild reaction conditions)
- e Efficient rapid heating and promote favorable
Randustle ’ P reaction

bonee @ WS L) : = * Reduced CO, emissions — cleaner H,

GEEH"IQHTIT.('

Fuels & Chemicals
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Task 6: Microwave Catalytic Co-Gasification of Plastic &
Biomass

Accomplishments
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* 4 times higher hydrogen yields and ~20% higher syngas Gas product distribution and Hz yield
. . . . EH2 ECO mCO2 CH4 # H2 total yield
yields with microwave heating 100 ’ - 700
90 -
. <: > - 60.0 =
* Tar generation < 2% < 0 500 &
: . Z 60 ‘ i 2
* Fe oxide catalyst enhances MW synergy between plastics and 2 50 3
. 5 s | 30,
biomass c 0 00 g
Magnetite CH,* 2 30 L 200 %
Reduction CO, 0, E 20 4 K E.
co O H, 10 - \ r 100 =
Air Gasification o J [ | [ | pee——— ¥ L 0.0
Plasti o 0, MW 700°C Col °c Co °c
Devoljtsiﬂ::tion Heating mechanism

CH, CO ot &
4
CO, H, % 02 Char Gasification

PRODUCT YIELD
Cco PLASTIC: BIOMASS: CATALYST
Mixed —) Biomass Tar = 100% 4000

Plastics Devolatilization Tar €0, g
Formation Boudourd 5 3300 =
CH,CO €O Reaction = 3000 g

[=]

CO, H =
21 = 2500 =
o 4]
-4 =
) ) = 2000 &
Rapid MW Heating BM: Biomass Oxidation of Magnetite g 2
Mixed DBM: Devolatilized Biomass @ 5 1500 &
Plastics DP: Devolatilized Plastics MW-assisted a 1000 g
BC: Biochar C-C Activation | Oz _ o G
M: Magnetite (Fes0,) Graphite a s00 3
$ H: Hematite (Fe,05) CH, CO H, Formation o
. . W: Wustite (FeO) Aromatics 0 £
Rapid MW Heating Fe: Metallic Iron MW 700 °C CONV 700°C CONV 950°C ks

Fe3C: Fe carbide Tar
Feedstock G: Graphite Conversion mmmm Char mssmTar mmmmGas —#—H2 production efficiency
Abedin et al., 2024 submitted
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Task 7: Process Development to Mature Oxygen Sorbent

N NATIONAL
e - TLJsties
Overview Unit
jecti Test Material
Objective:

* To develop a computational model that captures the Sro.25Caq.25F€0;
oxygen storage/release potential of NETL designed

materials and to leverage simulation to design a pilot-
scale fixed bed, perovskite sorbent oxygen separation

reactor.

000°09¢00

]

Project Goals:

* Create detailed kinetic rates for O, adsorption/desorption
from physical TGA and bench-scale experiments.

Conversion Curves

Syngas

e Validate rates through computational comparison to
experiments.

1.01

0.8 1

* Computationally bridge scales to examine modular reactor| =,

Conversion
accelerates with

* Optimize O, production rates at pilot scale through reactor temperature
investigation of adsorption swing time and geometric —wc| | [T . =g
reconfiguration to reduce pressure drop. 00{ | .

Gas Blend with Steam
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Task 7: Process Development to Mature Oxygen Sorbent

N_- NATIONAL
Technology == [ENERGY
TI TECHNOLOGY
Accomplishments HABORATORY
Accomplishments: 35 surface ! R ol Ton
3.0 reaction i — ;m-tll, ' — Iso0.
. . . . . = ' ! —— SB(n,m —
* |so-conversional desorption kinetic analysis reveals a three-stage = ; — fm@ | Zo010
. . . ; =25 g surface
desorption mechanism related to conversion extent (surface reaction £ ol % 0008{ | reaction
-> diffusion - random nucleation). z diffusion | § oace
z i c
* Quantified effective activation energy dependence on conversion £ 10- andom goooay |
] [T]
extent. 205 nucleation = 0.002 4 won random
. Lo . . . nucleation
* Experiments indicate that steam is an effective effluent for desorption 001, S — o : . 00007 : : : : . :
. . . . 0.0 0.2 | 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60
mechanism and results in near equivalent oxygen production as N,. | Conversion [-; Time [min]
Impact: 3 1909 $oxy - o /_}k'e‘\o,.e._o
. . o . . % 80 S § 00s01 T\ Y
 Simulations better capture kinetics and produce improved device s § diffusion, - random & Yoy
performance metrics. g 60 surface o°§ buy, NUCleation % 0.035 ® -_3: ;’tf:;:f‘l‘;oc
w u o ' -
: : . . . s reaction S | = A&~ Dry:550C
* Simulations demonstrate O, production from perovskite materials may | £ 41 $ ; £ 00301 A =0~ Steam:E50C
effectively supplant some cryogenic processes. § N / | | > | 3 AN
T : : & 0,025 4 ;
. . . . . . g | : ° o ! «q’ .
* Risk-averse processing scenarios are examined through simulation. 5, ; ; o | © << e~
0.0 0.2 04 06 0.8 1.0 3 3 H B 0 12 14
P bl. t. s Conveérsion (-] Cycle number [-]
uplications:

*  “Redox-based chemical looping large-scale air separation unit designs using perovskite material,” Konan, A; Clarke, M; Aziz, H; Shahnam, M; Energy&Fuels, 2023, 37(21), 16729-16743,
DOI: 10.1021/acs.energyfuels.3c02759

*  “Dry and steam-based desorption kinetic analysis and derivation for Sr,, ;5sCa, ,sFeO5 s perovskite using iso-conversional method with fixed bed redox reactions experimental data,” internal
review.
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Task 8: Gasification of Waste Plastic to Enable a Circular

N=|om
Economy TE TECHNOLOGY
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Overview
Purge Valve
* Objective: Explore the gasification of alternative feedstocks, such as waste ! HDPE Pellets
plastics, waste coal, and biomass, to generate H,/syngas with minimal CO, Drop Valve
emissions Gas Inlet E

* Project goals:

. . . . . . Porous Support
o Co-gasification of waste plastic and waste coal/biomass in a steam environment to (Frit)
generate H,/syngas N
* Study the feasibility of co-feeding of pelletized waste plastic and waste coal/biomass in a drop

tube reactor (DTR) under nearly isothermal conditions e Tub
nner fupe
* Evaluate process conditions such as feed blend ratio, temperature, and catalyst to further

optimize syngas conversion

o Co-pyrolysis of waste plastic and/or biomass for model development and validation
through collaboration with ARS Task 3 Team TC
" Investigate pyrolysis of waste plastic and/or biomass at different operating conditions including aMs {
temperature and gas/volatile residence time ..
Irculating ba
" Analyze tar composition (hydrocarbons up to Cys) using gas chromatography-mass spectrometry * QMS, Quadrupole Mass Spectrometer
(GC-MS) to understand mechanisms of pyrolysis and tar cracking for generating more syngas TC, Thermocouple

from gasification

* Conduct pyrolysis kinetics in a thermal analyzer (simultaneous thermogravimetric analyzer-
differential scanning calorimeter, TGA-DSC) to determine kinetic parameters (i.e., heat of
tfusion and activation energy)

LDPE Powder Coal refuse
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Task 8: Gasification of Waste Plastic to Enable a Circular

Economy

EY23 Accomplishments

o Co-gasification of pelletized low-density polyethylene (LDPE) and coal
refuse (CR) or biomass with 10% H,0O/Ar in the DTR
¢ Completed optimization of syngas production and quality with various LDPE/CR feed
blend ratios (0, 10, 20, 40, 60, 80, and 100 LDPE) and temperature (800-1000 °C)
* Demonstrated up to 100% tar reforming efficiency during catalytic co-gasification with
Fe,O; or coal ash
* Initiated co-gasification of LDPE and pine dust with select feed blends

o Pyrolysis of high-density polyethylene (HDPE) pellets and MSW in the
DTR

*  Completed investigation of temperature (500-900 °C) and gas/volatile residence time
(4-32 s) effects on carbon conversion and product distribution from HDPE pyrolysis
¢ Utilized various analytical techniques, such as GC-MS, Raman spectroscopy, and
scanning electron microscopy/energy-dispersive X-Ray spectroscopy (SEM/EDS),
to characterize HDPE pyrolysis products: gases (H,, C;-C,), tars (C,,-C,s), and char and
established correlations between their formation and process parameters
o Determination of pyrolysis kinetic parameters using non-isothermal
TGA-DSC
* Developed standardized protocols to examine thermal degradation behaviors of pure
and mixed feedstocks (plastics, biomass, and MSW)
Determined kinetic triplets (activation energy, pre-exponential factor, and reaction
mechanism) from collected TGA data using a combination of isoconversional and
master-plot

oasification and
U.S. DEPARTMENT OF

pyrolysis findings presented in ACS and AIChE

N NATIONAL
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LABORATORY

Co-gasification
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Task 11: Production of H, from Biomass, Plastics, and MSW via N=|anonat

Catalytic and Non-Catalytic Processes T ENERGY'
Overview LABORATORY

Non catalytic H2 production

* Objective: Develop optimized systems with inherent
Sequestration

ready CO2

carbon capture that can be used in H2 production

from solid fuels such as biomass, plastics, coal, and
municipal solid waste (MSW) via two novel patented
and patent pending processes. -

Biomass,

* Project Goals: T
* Produce parameters to develop integrated H, st
production systems

* Scaled-up reactor design based on sub-pilot
scale and pilot scale test data somas,

MSW
Catalytic

* Obtain parameters necessary for TEA and Catly
commertrcialization. _

Catalytic H2 production

CO2/H2
separation

Filters for ash
nnnnnnnnn Pure CO2 for
sequestration

No air
separation
unit

U.S. DEPARTMENT OF




Task 11: Multi Cycle H2 Production with Ca Ferrite Oxygen

L]
N=|NaronaL
Carrier using Poly Propylene (Plastic) as Fuel 1 |rechNG
g FOoly Fropy : T L rEsHNoLoey
35 £ & ‘ o - 2 Plastic Feed
F PR and
. . . . = Preparation Z=Xx . Key
Hydrogen concentration during 29% steam introduction at 850 C to Ca b % o y=(1-x) Solids  ----- >
30 ferrite (9g) reduced with poly propylene(1.4g) in 20 cycle test , ¢ Co, H0and oo Gas —
|
Product v 0, CaFe,0, E Preheater .
. i Auger }-: | Steam ‘
( \) |  Cycle 20 | Air Generator
- | | i | Cooling
5;— | A Gyeles | Water
S 8 CPU Vent ! Flue Gas i
g _~ Cycle 10 Gas H, 'Cao/Fe ! AR: Air Reactor
£ Lp Product ! y ' SG: Syngas Generator
g |- Cycled steam I T : : FFP: Fuel Feed Pre|
S : : P
§ Fuel : SC: Syngas Compressor
LC: LO-CAT

= psa |

Z0: Sulfur removal
polishing step
WGS: Water Gas Shift

1
1
1
1
A .
5’\f "7 Ca,Fe,0,/Fe,0, CPU: CO, Processing
‘ H,0 T‘ Unit (Optional
)

L.\J/\/\‘ z M Optional: Aux Plastic PSA: Pressure Swing
M SV A~ A LAY ke -For Heatin :
Y % g Adsorption
AR BAC p

135

o Power/Steam Cycle Included but not displayed
155 175 195 215 235

TIME (MIN)

\
115

Preliminary energy analysis compared to gasification baseline
* Higher Yield (~30% more kg H,/kg Plastic fuel)

e Stable H2 production during 20 cycle * More efficient thermal management (79% reduction in fuel heating
test at a rapid rate with steam to H2 requirements)
conversion rate of about 85%. * 10-15w% of H, could be used to satisfy thermal requirements
* More efficient usage of process water (29% reduction)
* PPis suitable fuel for the Process * Less net electricity usage (64% reduction)
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Task 11: Sub-pilot scale tests of Ca ferrite oxygen carrier [N=|nanonat
with woody biomass (AWP) TL){RsGratory

Effluent gas concentrations during the test with 100 g
biomass wood pellets and 2.5 Kg of Ca Ferrite at 850 C

50.0 4

Reaction Conditions:
Temperature: 900°C
Pressure: 2 psig

45.0 || 2ke CaFe204 100g AWP pellets Auger feed

40.0 Oxidation 50% air

| 30% Steam Addition

Concentration [%]
N
w
o

~N
o
o

* 4" diameter reactor bed
¢ Off centered 8” overflow pipe
* Bubble cap distributer plate

Initiated sub pilot scale tests-

—[H2]) [CH4] —[CO2] —[CO] [02] —[C2H86] [C2H4] —[C3H8] —[C3H6] —[Benzene] [Napthalene] —[Toluene]

* Determine the feasibility of process scaling — Initiated H2

production with oxygen carrier tests with woody biomass in «  Formation of CO2 (major component), CO, H2 were observed
sub-pilot scale unit (2-5 Kg material processing) when biomass was injected to Ca ferrite
* Rapid formation of H2 was observed when steam was introduced
 Initial data showed promising results to the reduced Ca ferrite

_ . . * Demonstrated feasibility of H2 production in sub-pilot scale unit
* Future tests - Multi cycle tests and parametric evaluation

"’““ﬁ U.S. DEPARTMENT OF
.4 ENERGY
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Task 13: Pathways to Minimize Clean Hydrogen Cost N =|NATIONAL
TL)iAs0Rarory
Overview
* Objective: Support the Gasification Program by developing a
reference study for commercial, gasification-based hydrogen
production technologies analyzing market conditions of Com—r—— po— e ﬂ}
carbonaceous feedstocks, and formulating strategies to reduce — E'}EE‘E“' Presare veses || / S
the levelized cost of hydrogen - |< ( ) e c—__:}
* Project Goals: N\ e[\

—_— Trucks

Buses m g

—
Hydrogen-to-Power
Fuel cells

H, turbines

H, CHP

* Develop reference study for commercial, gasification-based H, l&_

Use in Transport -R
Cars () reuu’g
production technologies

Trains

/

* Identity key R&D areas to improve performance and cost of H, b
production technologies

Synthesis of fuels ., ./"
e.g. Methanol,
Ammonia,
FT hydrocarbons
Various h

* Using alternative feedstocks

* Estimate levelized cost of hydrogen

Coal gasification

e.g. Shipping,
Biomass gasification Sl i

Chemicals Aviation

* Support ongoing and future research by furthering current
understanding of the cost and performance of gasification-based H,
production plants

C.J. Quarton, et. al. Sustainable Energy & Fuels DOI: 10.1039/C9SEQ00833K
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Task 13: Pathways to Minimize Clean Hydrogen Cost N=|NATIONAL
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Accomplishments

«  McNaul, S.; White, C.; “Hydrogen Shot Technology Assessment: Thermal Conversion
Approaches,” December, 2023

Co-sponsored by FE-20 & FE-30
Internal review included HFTO/EERE and Office of Policy

Deputy Secretary announcement at COP28

Wallace, B.; Toetz, V.; YHydrogen Potential from Biomass in the United States” — publication
pending review

«  McNaul, S.; Keairns, D.; “Biomass Gasification to Hydrogen Net-Zero Scenario Reference” -
publication pending review

.S. DEPARTMENT OF
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Task 14: Feedstock Control for Gasification N=Eeer
Overview TL LABORATORY

* Objective: Support the development of intelligent systems
capable of controlling the blend of mixed plastic waste,
biomass, MSW, and waste coal supplied to a modular
gasification system for production of H2 with CCS.

Sort
(A1)

* Project Goals: T \

‘ / Slag
* (EY23) With NREL develop a State-of-Technology i |
eport on existing tools for imaging and spectroscopic sl
characterization ot biomass, MSW) and fossil energy %&H
feedstocks.

e Collect data to link waste plastics to gasification
properties

. DeveloF prototype system for actively controlling feed
to small pilot gasifier

Accomplishments

* Worked with NREL to develop the State-of-
Technology Report

% U.S. DEPARTMENT OF
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imply its endorsement, recommendation, or favoring by the United States Government or any agency

thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the
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