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Presentation Overview

« Combustion & Catalysis Laboratory Overview

« Catalysis & Combustion - Emissions focus
« RCL & LFGTE

 Chemical Production
« Selectivity, H, production (E.A.R.) & upgrading via FCC

* Reaction Sequence Understanding (“mechanistic’)
* Isotopes to Shock Tube



Combustion & Catalysis Laboratory Overview

Large Scale Catalytic Reactor Experience



Fundamental Catalytic Research

Future Products

Catalysis
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Catalytic Testbed Capabilities

Catalytic Reactor Testbeds

emicroCatalytic to industrial Scale

*Process Intensified Units(e.g. FC reformers)
 FCC testlng
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Catalysis & Combustion
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BLUF (Bottom Line Up Front) on Catalysis & Combustion

cat

* Catalytic Combustion for Gas Turbine (CH, + air — CO, + H,0)

e Catalytic combustion enables ultra low emissions at high temperatures/efficiencies

e Unstable operation led to in-situ fuel reforming development

* In-situ fuel reforming enables new applications (Improvements from H, addition)

o Landfill gas to energy (LFGTE) = fuel upgrading

— Overall: In-situ fuel conditioning has wide applications



>

» (DCKM) to predict combustion products

WTE: Mechanistic Analysis to Predict NO,,

GRI 3.0*-309 reaction step DCKM contains 50 species and is used in conjunction with Eddy
Dissipation Concept Model for turbulent-chemistry reaction in the boiler.

Covanta WTE Emission as % of MACT Limits

3-D CFD to understand flow
characteristics of chemical species in WTE |

boilers

Inlet boundary condition to CFD model is

“above bed” gas phase
Solid phase not modeled
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Model Results-DCKM NOx

Contours of NO (mol/mol)

Model Results for Precursors
Fuel-N >HCN and NH, Fuel-N >NO
Fuel Nitrogen Conversion | NO (ppmdv) | Expected NO (ppmdv)
HCN 993
NH, 957 .
NO 1036 400
N, x 10 ]
~2X differenc ho hﬂ 304
1.4
Fuel-N = NO ~50%?2 z 12
2 1
1 2
041 L2 \ 3 |y
0.4
0.1
Fuel — N to HCN or NH,; precursor: NOx formation at 2° air inlet 0 .
Fuel — N to NO precursor: little change in boiler OLEOR Hemer et

Likely Fuel — N to NO direct conversion is ~50%

1.White, M., et al., New Process for Achieving Very Low NOx2009. NAWTEC17-2372.
2. Sorum,L., et al., Formation of NO from Combustion of Volatiles from Municipal Solid Waste, Comb Flame ,123 p.195



Catalyst Impact on traditional CO-NOXx curve

» Enables lower temperature operation
» Fuel readily converts to complete oxidation products
» Reactive intermediates remain on surface i i i

] e [ Conventional combustion operation ]| Catalytic combustion operation
» Achieve results long before equilibrium (e.g. CO) . .

CO |
X
—)
NO, J

&
1200 1400 1600 1800 2000°C Increasing temperature in combustor

NO
HC

CO

NOX prevention via Cat. Comb.




Total Catalytic Comb System - Drawbacks

t
(CH, + air — CO, + H,0)

Oscillatory catalyst behavior

 Catalyst activity hysteresis (Pd/PdO shift)
 Positive thermal feedback along catalyst bed

Long-term catalyst deactivation
» Water assisted sintering
« CO, poisoning

 Loss of Effectiveness

« MELTDOWN!
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Final product adjustment using catalyst
formulation and reactor design

CO, + H,O + heat

CH, + O,

Total Catalytic Combustion Reaction Products



Final product adjustment using catalyst
formulation and reactor design

CH, + O,
Cors,
¢=2.0 ’ H, + CO + less heat

Fuel Rich Catalytic Combustion Reaction Products

We see, if we stop at CO, H, will be produced as a result.



Fuel Rich Operation of Catalytic Combustion

Fuel Inlet, with Air \

Fuel + Air @ 750F/400C
% Air Split = 5%-15%
Equiv. Rat. = 3-8

) / *
No preburner (heat fuel?)

= Flame

Burnout of CH4 and CO

Toame < 2750F/1500C
. NO,= 3 ppm
Air Inlet Catalyst o g
- Mixing
Air @ 750F/400C Air-Cooled Catalytic Reactor N _ _
No preburner T, <1650-1750F/950C Mix Air w/ Partially Reacted Fuel/Air
Stress<5ski@1800F (1000C) Tix < 9 MSEC

U=150ft/s



Fuel Rich Full Combustor Performance

Performance
Based on fuel lean
mechanism

A

e Single digit NOx
o Safe/ robust operation at high firing temperatures
o Stable flame at low firing temperatures (1600°C, 2850°F)



Landfill Gas (LFG) [or GHG Reforming]

Landfill gas and landfill gas to energy (LFGTE)
 Landfill gas is created when waste in a landfill decomposes.

50% CH, & 50% CO,,

» Oxygen, nitrogen, and hydrogen, and trace amounts of hazardous air pollutants
(less than 0.2%).

Landfill gas causes odors at a landfill.
Projects help destroy methane, a potent heat-trapping gas.

Projects generate renewable energy and offset the use of non-renewable
resources such as coal, natural gas, and oil.



LFGTE Issues and Solutions

t
(CO,/CH, + air — CO + H,)

 Assumes 37% CH, in LFG (= ~150 BTU/ft3)
» Total flow = 250 ft¥/sec (= 93 ft3/min CH,)
e Secondary air ~ 80% of total flow (850 ft3/min)

ulw/ely 098~ IV

\

ulw/el 0G¢~ - 9471

~140 t3/min LFG

100 ft3/min Air g

r -

Zy Y& +¥ Zv v& —

bl | S| &l |4 catalytic

g N > a N

>l |8 S 2l |8 reactor

= 2 L | 2 =

3| |3 = 2| |3 26% H,
= ) =}
2 < =S 20% CO

v AT~ 675°C

10% H,

7.7% CO
15% CH,
v

Tadiabatic ~ 1280°C Tadiabatic ~ 1480°C

Tadiabatic ~1280°C

Requires lower net energy & ignition temp. CH, fluctuation permissible



System Implementation Schematic

>
A 4
Bleed LFG

Bley
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catalytic
reactor

. H,,CO
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Heat, CO,,
Steam, Energy
@ Flow Splitter/mixer

More reactive system; Reduce/eliminate secondary fuel usage




Test data @ CCL :Honda GC 160E

*SLFG = simulated landfill gas 180 -
_ _ 160 -
*10% syngas added = SLFG mixed with 10% syngas _
1000 - 3 140 -
900 - 2 120 -
= 800 - § 100
a 700 - 2 i
= | g = SLFG
_ 600 c |
S gop - O 60 ®10% syngas added
0 L i
E 200 - mS| — 40
8 300 " 10% syngas added 20 7
200 - 0 . .
100 - 0.2 0.4 0.6 0.8
Q- ' ' ' Electrical load [kW]
0.2 0.4 0.6 0.8 190

Electrical load [kW]

100 7
80

' B0

' BSLFG
40 7 ®10% syngas added
20 7

Test data shows lower emissions possible across o . .
0.6 0.3

all loads utilizing syngas produced from LFG vE o
Electrical load [kW]

NOX emission [ppm]




Comparison data of Laboratory test engine
(Honda GC 160E) with commercial units

_ 1.6 -
_.E 1.4 -
E 1.2 -
. 1 - H
3 08 - CO
s 0.6 m THC
s 04 -
E 02 - NOX

0 |

< A\ O (go Also tested on a 30-hp dynamometer
,{o 6_,? Q_’b 0’\'{0 connected to the flywheel of an
(;}c;, N @0 © HCCI engine @ 1200 rpm
£ \ N °
° "@;} S o
Gﬂ" {5“ Test data shows emissions from test unit at CCL is comparable

Coﬂ to commercial units operating on LFG (without 10% syngas)
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Chemical Production
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BLUF on Chemical Production

e Rector geometry can impact selectivity (WGS with reduced methanation)
e Short contact time (SCT) permits fast transport

e Mixing regions eliminate channeling issues

* In-situ fuel product capture = equilibrium adjustment reactors (EARs) (enhanced H, production

* Li,SiO, demonstrate reversibly, and isothermally adsorbs CO, with a working capacity of 36.7 wt%

e Upgrading potential for bio- & pyoil from wastes using existing FCC infrastructure (~50 olefin recycle)

* Demonstrated potential to convert ~50% of plastic pyoils to olefins

— Overall: Requires appropriate reactor AND catalyst design integration



Reactor Comparison

400 Cells/in? 2500
2.64 Geometric Surface Area (m?/l) 6.3
3.0-5.0 Channel Length (in) 0.003
70 - 120 Channel Length to Diameter Ratio (L/d) 0.3
<1200 Operating Temperature (C) <1200
70 Frontal Open Area 72
Mixing
Regions

fShort Contact Time (SCT)\

Boundary layer *Higher cell density
Formation Boundary layer eIncreased SSA
Formation *High transport prop.

400 cpsi monolith 2500 cpsi SCT &LOW pressure drop

J




Performance Comparison
(CO +H,0 5 CO, + H,+ o)

400 cpsi Monolith

CO Conversion
methanation
Space Velocity
Volume

SCT Substrate

CO Conversion
methanation
Space Velocity
Volume

Equilibrium
4000 ppm
110,000 hr
1.00

selectivity

Equilibrium
400 ppm
110,000 hrt
1.00

CO Conversion
CO Selectivity
Space Velocity
Volume

CO Conversion 87%
CO Selectivity 49%
Space Velocity 44,000 hr?
Volume 1.00

87%
50%
440,000 hr
0.10

Gauze reactors result in similar performance @ 1/10" the volume compared to monoliths



Explanation for Selectivity
(CO +H,0 5 CO, + H,+ o)
e Boundary layer is resistance to heat transfer — Higher surface temperature

e CH, production is increased at higher temperature

* Products are removed from surface before reacting further

BL Thickness vs Channel Penetration

025

Channel radiusy,,,,

0.99 U [inches]

o2l -

s, 3 _

0 0.005 ‘ 0.01 0.015 0.02 0.025 0.03
— vounday: Channel Penetration [inches]

Boundary Layer Thickness (U



Equilibrium Adjustment Reactor (EAR)
(CH,+H O—>C02+H2)

Fast kinetic uptake due to carbonate and metasilicate
domains mediated by surfactant during gel stage.
Dual-bed scheme requires only gas switching.
Li,SiO, operates at constant temperature
—* Hy;——CH;:; 2 CO;—=—CO, T=600C
S/C=1.7

100 » SEWGS zone

80

Excellent stability

&
hal

Gas composition (vol.%)

. ” » " " = Cyclic stability for 80 30-minute cycles @
Time (min) 50% CO, with 10 % steam (balance N,).

Steam-methane reforming with H,O/CH, = 1.7:1;

T =600° C; catalyst: 5% Pt/g-Al,Os,.

WGS conditions with H,O/CO =1.12;
T =600° C; catalyst: 5% Pt/g-Al,Os.

Single-step technology enables transition from grey to blue hydrogen
26



FCC catalysis for conversion of wastg hlomass,& plastic

Biomass Plastic oil ~500°C min-t

pyrolysis
or A— = C,H,, C4Hq, C,Hq

o FCC - production of transportation fuels and commodity chemicals
» FCC units process a variety of gasoil feedstock with varying contaminant levels
» Waste biomass & plastics can provide renewable and recyclable pyoils for upgrading

Hydrogen Deficiency

Source: Dorazio, BASF

Oxygen removal required

Bio-based pyrolysis oils present challenges:
High oxygen content
Metals - catalyst fouling

Catalyst design enables selective olefin production



Summary

« Fundamental understanding of combustion and catalysis
orocesses enables technologies mitigating environmental
purdens.

* Processes must be field tested or at relevant conditions
« RCL - H-frame GT conditions
 LFGTE - relevant scale engine matching BSE

* Requires coupling Reaction Kinetics, heat and mass transfer
» Selectivity, H, production (E.A.R.) & upgrading via FCC
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