Advanced Reaction
Systems

Jonathan W Lekse /

7 I |VA\VI,,4M
Research Team: William Rogers, Mehrdad Shahnam, Mary Ann
Clarke, Omer Dogan, Jin Nakano, Mark Smith, Pranjali Muley, Ping
Wang, Rober’r Stevens, Christopher Mo’rrongo

-\

‘ " 4 /d
R VA‘A\'@/A‘ 2N 7

.—"Ax“- = ‘; N NATIONAL

v
AV ’ i TL [rEctnotoey
A LABORATORY

U.S. DEPARTMENT OF

ENERGY




NATIONAL

Research ObjeC'l'ive \ [ e

e TL){Rscratory
Portfolio Objective

The objective of the Advanced Reaction Systems |
Portfolio is to design, develop, and analyze CLEAN HYDROGEN & NEGATIVE CO, EMISSIONS
technologies to support the mission of the Gasification

Program to enable the use diverse feedstocks to @ N /V‘
produce hydrogen and other value-added products

with net-zero carbon emissions Coal and
Biomass
e
PLASTIC ﬂb
Value Proposition: Gasification technologies offer s

promising opportunities to generate value from waste
materials with minimal carbon emissions
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Overview

* Task Objective: Use Simulation-based Engineering Tools to
decarbonize gasification-based processes for production of power,
syngas, and hydrogen

* Project Goals:

* Use CFD simulations to guide commercial scale-up and
optimization of a moving-bed gasifier design

* Application to the proposed University of Alaska, Fairbanks (UAF)

modular plant

* Evwvaluate gasifier performance for a range of feedstock and operating

conditions
* Optimize operation for production of H, with Net-Zero to negative 9 SOTACARBO
2 SUSTAINABLE ENERGY
Carbon A RESEARCH CENTRE
* Evaluate gasifier performance for low-tar application — tar reinjection FAIRBANKS PARSONS
* Evaluate novel fluid bed gasifier performance for mixtures of Hamilton-Maurer International

biomass and waste plastic feedstocks
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Accomplishments
Current Accomplishments (EY21)
B.ase Case: 90% coal/10% Ta'1r Re-Injection: 90% coal/10%
* Simulations were performed on a gasifier with coal/biomass mixtures to determine PRSI & o, Dlomass by mass

operating conditions for hydrogen production with net-zero carbon emissions

* Re-Injection of tar into a gasifier was modelled and found to create local regions of
high temperature which crack the tar and increase the rates of gasification and
char/tar oxidation reactions

* Gasification of Cypress biomass in Sotacarbo’s pilot-scale fluidized air blown
experimental reactor (FABER) was simulated and gasification reaction kinetics were
developed and validated against experimental results

* A HDPE pyrolysis scheme was developed compatible with CFD applications as the
first step in modelling the gasification of waste plastic

Syngas Composition for Oxygen Enrichment

. . [ZZ3 Experiments
50.0 ( mole fraction on dfys basis) - 50 - 7 - E=9Y Simulation

Future Accomplishments (EY22 — future)
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* Complete the modelling for a pilot-scale fluidized bed gasifier

304
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200 wll
* Implement the plastic pyrolysis model into existing gasifier models to o |I|| IIII III| | . %§
: : s -
0 CHa4 co co2 %§ %g mN

Mole fraction (%)

o

determine the performance of these systems on a waste plastic feedstock

M Design M base case M 60% air reduction M O2+steam m 02+C02 N2 cHa
Spemes

Syngas composition of coal/biomass blends Biomass syngas composition
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Overview

* Objective: Develop novel refractory materials that enables
multi-fuel gasification Carbon/Water Slurry

* Project Goals:

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

e Facilitate the use of a carbon-diverse fuel in

gasification for production of chemicals, power,
and H,

* Contribute to a circular economy and net-zero

carbon goal by enabling plastic recycling Forgigtan 1§

Backup Ref

Insulating Refractory Lining
Ceramic Fiber

Steel Containment
Vessel

Gasification
Chamber

y Lining

Petcoke
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Accomplishments

Current Accomplishments (EY21) EALHED EASTNVIAN
VINERAR 20 HWI e

e I

Ti
{|20% | | ca ||| 72%

* Industrial partnerships with Eastman (gasifiers), Allied Mineral Products (castable
refractories), HarbisonWalker International (sintered bricks)

* Developed own plastic ash composition database for various plastic types (HDPE,
LDPE, PP, PS, PET, etc.) by ashing based on ASTM D5630-13.

EHEEE

8% Ti
83%

b2 i

@
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* Alumina- and mullite-based refractories were fired against 20% plastic slag; the former
tended to degrade while the latter exhibited some resistance.

20% | | 13%

E

19%
13% 28% | | 29%

* Two refractory compositions were successfully identified to be used in mixed coal- T
biomass modular gasifier environments (up to 100% biomass) Ly

HOPE_Clear $2 ‘

Publications/presentations (EY21)

e Kiristin Tippey, Anna Nakano, Jinichiro Nakano, Hugh Thomas, Omer N. Dogan, Matthew Lambert, and Dana G. Goski, ‘In-
operando Interactions of Refractory Materials with Ash/Slag from Mixed Feedstock Gasification,” was presented at TMS2022,
2/27-3/3, 2022, Anaheim, CA.

* Kiristin Tippey, Jinichiro Nakano, Anna Nakano, Hugh Thomas, Omer N. Dogan, Matthew Lambert, and Dana G. Goski, ‘In-situ
observations of alumina- and mullite-based refractory materials interacting with ash in coal-biomass gasification environments,’
was presented at UNITECR2022, 3/15-18, 2022, Chicago, IL.

* A conference proceedings, Kristin Tippey, Jinichiro Nakano, Anna Nakano, Hugh Thomas, Omer N. Dogan, Matthew Lambert,

and Dana G. Goski, ‘In-situ observations of alumina- and mullite-based refractory materials interacting with ash in coal-biomass
gasification environments,” was published in UNITECR2022, 3/15-18, 2022, Chicago, IL.

Future Accomplishments (EY22 — future)

* Establish novel refractory composition that enables sustainable plastics gasification

Before After Ramp Up After 1 Hour After Cool Down
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Overview
* Objective: Design a metal oxide carrier material capable of
seEarating oxygen from air and develop a reactor based on
NETL developed carrier materials
Syngas

* Project Goals:

* Develop a carrier material that can rapidly and 5,
reversibly store and release oxygen ’

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

* Design an oxygen production reactor based on
NETL carrier materials

b

O, rich Gas Blend

Gas Blend with Steam

8(T.Po,)
Srg.75Cag 25Fe03 «—— Sry 75Cap ,5Fe03_5 + > 0,
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Accomplishments

Current Accomplishments (EY21) Tuneable

6.0x10™

Sr._‘Caxl-teQw

0.05
—t 10,
— =015
w— x = 0.20
— = (.25
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* Demonstrated ability to control capacity, desorption temperature, and rate through sox0” |
compositional changes

a0x10" |

— =

* 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

3.0x10™"

2.0x10"

MS response / gram

* Ellingham diagrams for perovskite carriers have been calculated and experimentally 1ox 10"

validated i

200 300 400 500 600 700 800

® imi i 1 ’ i emperature (°C
Preliminary reactor design completed using NETL’s MFiX software Cyclability Temperature (°C)

L] L] L] o ? o,
Publications/presentations (EY21) so'c| [0
— =
° o,
*  Ali Ramazani, Eric Popczun, Sittichai Natesakhawat, Jonathan Lekse, Yuhua Duan “Deep Learning Method to Accelerate E 2 [500 og
Discovery of Effective Doping in Srl-xRxFel-yMyO3-d Oxygen Carriers for Chemical Looping Air Separation” Bulletin of the g =
American Physical Society in progress. - % 1.5
7]
° 14
*  Eric ]J. Popczun, Ting Jia, Wenqian Xu, Chris M. Marin, Yuhua Duan, Jonathan W. Lekse “Nickel B-Site Substitution in Bulk Sr1- E ., g 1t
xCaxFeO3 Perovskite Oxygen Carriers: Benefits and Limitations” Journal of Alloys and Compounds 896, 162783. 2 P
2 < 05}
)
*  Eric J. Popczun, Ting Jia, Sittichai Natesakhawat, Chris M. Marin, Thuy-Duong Nguyen-Phan, Yhua Duan, Jonathan W. Lekse x
“Investigation of Sr0.7Ca0.3FeO3 Oxygen Carriers with Variable Cobale B-Site Substitution” ChemSusChem 14, 1893-1901. 2sF o ot =030 o o4 ) n . A
X=005 ———x2020 ———x=035 0 0.1 0.2 0.3 0.4
. ——x=010 ———x=025 , X
Future Accomplishments (EY22 — future) e w w w

Rapid Kinetics
* Develop a machine learning model for carrier materials optimization

U.S. DEPARTMENT OF
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* Obijective: To develop a computational model that captures the
oxirgen storage/release potential of NETL designed materials and
to leverage simulation to design a pilot-scale fixed bed, perovskite
sorbent oxygen separation reactot.

* Project Goals:

* Develop a kinetic model that accurately describes the
behavior of NETL designed materials

* Design and validate a reactor model that maximizes
oxygen production

* Use simulation tools to scale the reactor design from
bench scale to a pilot-scale reactor system
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12"depth
C-steel wall
thickness
9.271mm
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1 g 75Cag ,sFeO TGA cycles of Sry75Cag ,5Fe0
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C C o I I l p Is I I le n s 0, Mass Fraction 0, Mass Fraction Gas Temp (C)

t = 2s

Current Accomplishments (EY21) e oo o
* NETL scientists ran TGA experiments over a range of O,-gas concentrations and s oo oo

temperatures that were subsequently used to derive the kinetic constants described in the =~ = o - [ o

Bulfin model o oo oo
* Multiple simulations of O, absorption and desorption swmgs at a 50 kg scale were [ oo s

conducted to gain an understandmg of how a simple change in reactor mass loading can | o oo -

affect O, production in a fixed bed device o Ton w0
* The reactor design was scaled to 100 kg of material and additional simulations were oo T e

performed and compared to performance at 50 kg '

. . (] Reactor Loading Influence (at Fixed Flow Rate) Reactor Loading Influence (at Fixed Flow Rate)
PUbllc atlons /presentatlons (EYZl) ) ses ' .\dwlpm-nl n».unpylwmu.m |Im.--\k!.-~ ' ] ,\a\.»mu.:umqr\g : Desarption: 1.09%-1 kg/s
; =] 0O sok ] P

* D.Chandramouli, M. Clarke, “Perovskite sorbent oxygen separation modeling with MFiX,” NETL Technical Report Series; U.S. % 1o com

Department of Energy, National Technology Laboratory: Morgantown, WV, 2021; p. 25. f fets -

3 st <

* M. Clarke, A. Konan, D. Chandramouli, S. Ramesh, E. Popczun, “Derivation and Implementation of Kinetic Rates for F 2

Sry.75Cag 25Fe0; 5, NETL Technical Report Series; U.S. Department of Energy, National Technology Laboratory: Morgantown, e e ‘

WV, 2022; in review. Sl S

! : Drwrmkm"l’lm|ml-| ! ! Time [min] "

Future AccomPIIShments (EYZZ - future) Rea \(u .1]- mdl z:||: I)«iq:F mﬂlmk Rate) Rl‘lﬁ\(‘?l"r:-‘:?ndlll:l’l‘\'l]lf: l)‘('rr"F clc!Fl nR te)

* A bench scale system is being built to perform steam desorption at the 300 g scale for
model validation

Average Mass Fraction O, Solid |-|
Outlet Average O, Flow Rate [kg/s|
= s

* Optimization of the 50/100 kg reactor including flow rates, thermal management, and
swing timings
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Overview
* Objective: To investigate microwave reactions of plastic and - e
biomass mixtures, determine the benefits afforded by utilization of oo
microwaves, and design a microwave gasification system. Soem 4o
* Project Benefits: = S
* Synergy exists for co-gasification of plastic and biomass, depending on e -

v" Plastic to biomass ratio |:'\7—|

v" Moisture content of biomass
v" Plastic type (HDPE > PP > PS) K. S— . et

v' Temperature
V' Catalysts (Ni based)
* With increasing PE, PP or PS, syngas yield increases, tar and char decrease,

H, increases

VIRGIN PLASTIC PRODUCER 'PLASTIC CONVERTER CONSUMER/ END-USER
|_Reo Lod Manufacturer | | = et
) A A = Wavelength
Mongmers t Cogeneration l Thrash —-IJ ¢ = Speed of Light
WASTE VALORIZATION MUNICIPAL SOLID WASTE
Pyrolysis, Liquefaction,
Comersion ‘ Diversion
- CLEAN PRODUCTS | c
—————
| Fueis [ cremicas | %,
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AccompIIShments Aromatics

Enhanced H,/CO

Current Accomplishments (EY21)

* Complete gasification and high hydrogen production with mixed plastic and biomass
* High H, and CO selectivity with biomass + plastic gasification

Low H, production and incomplete gasification with plastic only (no biomass) —

confirming synergy

[ decomposition
* MW reduced the reaction time for complete gasification ~15 min for 6g sample

Biomass
devolatization

Publications/presentations (EY21)

P.D. Muley, Y. Wang, J. Hu, D. Shekhawat “Microwave Assisted Heterogeneous catalysis” Catalysis, 2021, 33, 1-37

Syngas production vs time- PP/PS/PET/BM/SiC @700C

Future Accomplishments (EY22 — future)

60

Test the effect of a gasifying agent (CO/air/Steam) on microwave gasification of
biomass and mixed plastics

50
40

30 ——H2%
* Perform a parametric optimization to obtain data for system design

—C0 %
20

Product selectivity (%)

~——BIN %
10

0 5 10 15 20 25
Time (min)

Fig. Product Selectivity of plastic (3g) and biomass (1g) MW gasification
with SiC (2g), 200 SCCM air, 700°C
. U.S. DEPARTMENT OF
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Overview ™

* Objective: To study the thermal gasification of waste plastic to
determine syngas yields and compositions and design a machine
learning tool to predict reactor petformance based on feedstock and
operating conditions.

* Project Goals:

* Determine sifng.as composition and yield for various
lastic and plastic/waste coal/biomass blends
p p

* Conduct a literature analysis to gather data on emerging
trands in plastic recycling

* Develop a machine learning tool to predict gasification

Reactor
Tube

reactor performance i

catalytic -gOperation " __: incineration t household

polyethylene polyethyleng

!a therpm<>oplas>t/1cpacridopyemgr[;f,a’L“; tor ":'u%b;ragcld pt h R ml ;

= aration:- 2§ 2 modulus ermadl: Ventl

5.28Par. 7 iiaggregate.
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Task 8: Gasification of Waste Plastic to Enable a Circular
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Accomplishments
Current Accomplishments (EY21)
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il

0.045

* Studied the gasification of alternative feedstock of waste plastic and waste coal to
generate enhanced H,/syngas in a drop tube teactor

o
o
5

0.035 W LDPE

o
o
o

* Identified key parameters for product composition

0.025

*  Temperature

o
o
~

e Residence time
*  Plastic/H,0 feed ratio
e Gas environment

Product [mole / g plastic feed]

0.015
0.01

0.005

(H,0, inert gas) .

e Analyzed approximately 10,000 papets on plastic recycling/upcycling to explore
emerging trends using Big-data tool

Light Gas Carbon Yield [wt%]
m CO2

0.92

Future Accomplishments (EY22 — future)
* Investigate biomass and plastic blends for potential of net-zero carbon emissions

* Continue to develop the machine learning model

= Tar

Low-Density Polyethylene (LDPE) Polypropylene (PP)
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Overview

* Objective: Support the Gasification Program by developing a
reference study for commercial, gasification-based hydrogen

. . Use in Bui
production technologies Energy Carier T a..u.'.'.f"'"f' ﬂ
S— ;:‘:::5;; Pressure vessels Fl
* Project Goals: P— S Pl
. . . - Direct injecti
*  Develop reference study for commercial, gasification-based H, \ ( ) aﬁﬁ.ﬂfmﬁ"e
production technologies Name—"B = ™
. . . 7 O\ Use in Transport i ] R
* Using alternative feedstocks m__, S TS e
Hydrogen-to-Power . a‘:’;k: m g
. . S u I \
* Estimate levelized cost of hydrogen Hytarbines Tabs R
- - /e .
* Identify key R&D areas to improve performance and cost of H, n Synthesis of fuels 5, e

production technologies

* Support ongoing and future research by furthering current L b Use in industry / \\ Various  rreTy A,
: : : goalas:siﬁ;tio: . € g:Reflning, :ppsm O;I‘S
understanding of the cost and performance of gasification-based H, B e D Lee 8 e

production plants
. C.J. Quarton, et. al. Sustainable Energy & Fuels DOI: 10.1039/C9SE00833K
* Accomplishments:

* The hydrogen baseline study was completed and is currently being
prepared for publication
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« Disclaimer
« This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by tfrade name, tfrademark, manufacturer, or otherwise does not necessarily constitute or
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
United States Government or any agency thereof.
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PROCESS INTENSIFICATION FOR SYNGAS & HYDROGEN

The Advanced Reaction Systems portfolio
supports the Gasification Program by
designing and developing technologies

and tools to enable modular gasificaﬁon Syngazcleanupizaparaiion/
systems that can convert waste materials
info valuable products with net-zero carbon
emissions @——»

Oxygen

Coaland
Biomass

Raw syngas

Modular Reactors/Gasifiers
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