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50+ Years of Space Propulsion

AEROJET,/{
ROCKETDYNE

852 Humans Launched Into Space and 2112 Total Launches to Date
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acroser 7 60+ years of energy experience
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Applying aerospace capabilities to solve
complex energy challenges

e High energy density combustion e Hydrogen technology
» 60009 F e Low cost < $10 per kW thermal
» 5000 psia » Unique design capabilities
* Regenerative cooling » Advanced manufacturing processes
» Low metal temperatures e Manufacturing and test
» High system efficiency » Capacity > 200 GW thermal per year
e Short Residence Time Reactions & Control » Rapid prototyping
e High speed rotating equipment » Extensive test capability

¢ 36,000 rpm

Providing competitive, step-change technologies in large-growth global markets
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Multi-Phase Project Objective:

#tmzr./ Commercialize clean coal technology by 2020

Commercialization plan
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Reaction kinetics
¢ Coal and sulfation
reaction rates at
elevated CO, and
H,O partial
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Cold flow tests

* Heat transfer
coefficients

¢ Bubble control

* Residence time

® Erosion risks

Phase |
(TRL 3-4)

Duty 1-3 MWth
Size ~1/3m scale

2013

Pilot plant
(TRL 6)

. Demonstrates:

® Pressurized
system
operation

* Elutriated bed
operation and

" chemistry

‘| e Flue-gas

clean-up

Phase Il
(TRL 5-6)

Early risk mitigation and progressive
technology scale up reduce

commercialization risks

Duty 50 - 100 MWth
Size ~3.3m scale

2016 |

Demo plant
3+ years

’

Demonstrates:
e Operation
at scale
e Component life
* Operating
parameters
* Maintenance
approaches

Phase Il
(TRL 6-8)

Duty 275+ MWe
Size ~9m scale

~

€1MNI)°N ]
VLV

Commercial
demonstration
5-10 years

Validates:

e System
efficiency

» Capital costs

e O&M costs

Phase IV

Phase Il costs: DOE $12.9M Partner cost share $7.4M Total $20.3M



Roles are aligned to team member capabilities
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Organization

Role/Responsibility

AEROJE T./(/
ROCKETDYNE

¢ Project lead & PFBC technology
¢ Process & system engineering
e Risk mitigation & pilot test planning

e Gas supply and clean-up systems
¢ PFBC Heat exchanger design support

CanmetENERGY

e Fluidized bed pilot test facility
e Procure and construct pilot test facility
e Operate PFBC pilot test facility

ALSTOM

¢ PFBC Design support
e Commercialization partner

PENNSTATE
[ ¥ iy

¢ Fuel and limestone testing
e MFIX physics model development

JAMESTOWN

¢ Field demonstration unit site
e Support demo plant design & cost
estimates

ELECTRIC POWER
RESEARCH IMSTITUTE
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e \oice of the end-user
¢ Review of process and cost modeling




PR Oxy-PFBC Project Heritage

Leveraging demonstrated technologies

Combustor design and test heritage

e 2m x 2m atmospheric unit e Elutriated fly ash removal Linde's units
* Air-fired fluidized bed * In-bed heat exchanger in Vattenfall's
*» Coal and limestone * Convective heat exchangers S0 MAED.
» Mature injector design » Manifolding and hanger designs :T;erl;l:: pilot
] \ Schwarzs
Pumpe,

Germany ' ompression
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1980-1985 Air Heater Experiment at
Rocketdyne for Sandia National Lab
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- Solics Metering

@D Main Burner

@ Fast Calciner
@ Solds Disengagement - CO,
@ Solds Disengagement - H,

Inventory Standpipe

@ Hydrogen Reactor

4 = 2 .

Gas filtration and solids removal

Fluidized bed system

2004-2012 Bubbling fluidized bed reactor and gas filtration
solids looping tests for hydrogen production, Rocketdyne facility at EERC

Solids injection



Azmzr/

System Description
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Equipment List (Omitting items from Case 5A)

4.10 ASU

4.2 PFBC Injectors Assy

5A.3 Pressure Vessels,
Filters, Pulse Cleaning
System, Ash Removal

2.1-2.5 Pulverizing system

4.3 PFBC Pressure Vessel

5A.5 Warm Gas Recycle
compressor

2.15 Bag House

4.4 PFBC FB Container &
Cooling system

5B.1 Condensing Heat
Exchanger

2.12, 2.13, 2.14 Lock
Hoppers

4.5 Inerts Injection Lock
Hopper

5B.1 SOx/NOx Removal

4.1 Fluidized Bed

4.6 CO, Accumulator Tank

5B.1 Catalytic Deoxo reactor

4.1 PFBC Convective HEX &
manifolding

4.7 Burners for Startup

5B.1 Cryo-compression

4.1 PFBC In-Bed Heat
Exchanger

4.8 Trace Heat System

7.1 Boiler Feedwater Bypass
Heat Exchangers

4.1 PFBC Reheat HEX

4.9 Tuyere System CO2/ O2
Injection System

7.2 Gas Cooler for Recycle
stream




asnoser A A few options examined in Phase | Study
FOCNETIWVNE
%COE Cost of CO;
increase captured
relative to | % CO: (2011%/
Option Case 11 capture | tonne) Case description
Obtion Highest TRL, 90% capture,
ﬁ'c 34.8 90 33 ASU producing 97% 02,
cryogenic CPU
Baseline AR case ASU with
Option 2 32.4 98.3 27.9 99.2% 02, non-cryogenic
CPU
Option Baseline AR case with 90%
2C 31.8 90 30 CQO- capture
Advanced ASU (future
, technology with improved
Option 3 30.0 98.3 26.3 efficiency based on Linde
patent)
Option
3C 295 90 275 | case 3 with 90% CO, capture
Option 4 Case 2 with supercritical CO;
(SCOT) 19.2 983 184 Brayton cycle
Retrofit 34 3 96.5 30 Same as b'e.:selline case, for
2R retrofit application
Retrofit Same as Case 3, for retrofit
3R 31.9 96.5 27.9 application
Retrofit Same as Case 3R, with 90%
3RC 308 20 28.7 CO3 capture

Table 1: AR/Linde Plant Options Presented in Techno-Economic Analysis
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asnoser A Effect of >90% Capture and EOR Assumption

FIOCNETDVNE
COE ($/MWhr) Option 1 Option 2 Option 3
1. Max. CO, Recovery 107.6 106.1 104.0
2.90% CO, Recovery, EOR Assumption 106.8 105.2 103.2
3.90% CO, Rec + Reduced CO, Purity 102.8 104.1 102.1
COE vs Case 11 (%) Option 1 Option 2 Option 3
1. Max. CO, Recovery 32.9% 31.0% 28.5%
2.90% CO, Recovery, EOR Assumption 32.0% 29.9% 27.5%
3.90% CO, Rec + Reduced CO, Purity 27.0% 28.6% 26.2%
CO, Cost ($/MT) w/o TS&M Option 1 Option 2 Option 3
1. Max. CO, Recovery 29.4 26.7 25.2
2.90% CO, Recovery, EOR Assumption 30.2 28.1 26.3
3.90% CO, Rec + Reduced CO, Purity 25.5 26.9 25.0
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acnoser_ Phase | Study Results

« Exceeds DOE goal of >90% CO2 o, ARPFBC System COE Relative to Case 11
reduction with COE increase of 35% - -
5 A
or less S oo
« 98% capture = 2s0u
 31% COE increase 5;0%
6;.11 15.0%
« Oxy-PFBCtechnology enables future § sox
adoption of supercritical CO2 Brayton cycle " oo
. - - ;i 98% CO, 90% CO2 i withnf_-ar E with supercritical
for significant additional performance _ cptre | termhigh | co2 Brayton
: Rankine YA
I m p rovem ent Configuration i Brayton

« Focus on clear path to commercialization

« Current approach utilizes a suite of demonstrated technologies with high TRL components to
minimize system development risk

« Team s in place to commercialize the technology (Linde, Alstom, Jamestown BPU, CANMET)
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Project Background:
Asnoser_{ Oxy-Pressurized Fluidized Bed Combustor (PFBC)

PRODUCT

e Oxy-fired, pressurized fluidized bed combustor equipment for
coal-fired power plants

e Elutriated flow removes ash and sulfur prior to recycle

BENEFITS
e Produces electric power with near zero emissions

e Produces steam for heavy oil recovery using low value feedstock
(petcoke, coal, biomass)

e Produces pure CO, for Enhanced Oil Recovery (EOR)

MARKETS
* Electric power generation with CO, capture
e Heavy oil production (once-through steam)

e Light oil production (CO, floods) Heritage Rocketdyne
Test Facility that
Demonstrated
STATUS Long Life In-bed Heat
* Long-life, in-bed heat exchangers demonstrated in 1980s Exchanger

e Concept modified for oxygen-firing rather than air
e Technology development contracts w/DOE

NEXT STEP
e Build & operate Pilot plant(s) with DOE funding

r~

CO,/H,0
Out

Why a pressurized
fluidized bed?

¢ 3x Heat Transfer = 1/3 Pipe Cost
* | ower velocity = Reduced erosion
* Complete combustion
* No cyclones needed
¢ Fuel Flexibility
* Particle control and predictability
¢ High heat release rates
Fuel In ==p
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Steam
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RHX Steam
Out

IHX Steam
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Commercial Scale PFBC Concept
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Project Objectives for Phase |l

Assess the components of the system designed in
Phase | to confirm scalability, performance, and
cost.

Test the system at subscale pilot facility to
evaluate system performance and operability.

Develop algorithms to model the components and
system for scale-up.

Use the validated models to predict commercial
scale cost of electricity.

Develop Phase Ill (Demonstration at 20-100 MW)
project plan, risk mitigation status and TRL
advancement, and identify partners and sites.



AsroET A Phase Il Schedule
O

NE FIXWHRE
Cost
Tasks ($ M) Year 1 Year2 Year 3
VK]ckcrffBr]Ef]rg v[}e'ﬂDF‘Em VDemDPlantPerm'rt
Pra-FEED Risk AsseEmert
Keyprogram milestones W/ Component N/ Component DEFen
Test Plans Tects v Final
Go/MoGoDecision Gate for Testing Report
\WB S 10000 Prog ram M an age me nt 2.04 %%_WFinﬂﬂepmt
Quarterly Reporting, Annual presentations 1" Complete
Cold Flow Test
VWB S 20000 Component testing 0.23 ? wCDmFDHEHtTEilE
[ Pilot DemoPlant
J DE_sign PFE-FIEDESEH )
VB S 30000 Design 427 A — N — %/ Material & TRL
Phy=icsmodel . I Byaluation
— upgrades MFIX
VB S 40000 Analysis 055 | L — 32 Modeling
VB S 50000 Pilot T est 11.01
Pilot Fab — Al '
Test Planning (draft) —
Test Planning (final) _
Detailed construction cost estimates (w )
Engineering for Facility Mod » Designand Hazops Review -
Linde Gas Cleanup Skid Fab —
Facility modification / construction [N /Fi|ityModsCamplete
Commissioning =a
Testing/ Linde Test Support for Test 1 — =
Testing/ Linde Test Support (remaining tests) =8/ Pilgt Testing Complete
Test Analysis through Test 1 —
Test Analysis for remaining tests | — LY
Demgnstrated
Demoand
Commarcial Plant CommercialF lant
Economics Market Dev't T Permit Risk
WEB 5 60000 Commercialization Plan 0.43 A A ALY/ Asessment

Completfe




Azmzr/

Phase |l Tool Development

Cold Flow testing

Design relationships for bubble

control and heat transfer validated

Heat transfer and residence times measured
for fullscale in-bed heat exchanger elements

Inert
fluidized
bed media

Steam
boiler
tube

Kinetics testing

A range of particle sizes and oxygen pressures
tested to develop a complete picture of heat release

Data provides basis for pilot combustor design

Bubble
breakup

Bubble
coalescence

a
©
==
E ~ # Devolatization (0,+CQ,)
5 A Devolatization (O,+N,)
x ’ [J Char burning
©
& +
¥ o B

0 0.1 0.2 0.3 0.4 0.5
Oxyqgen partial pressure (bar)

0.6

Time in fluidized bed HEX zone
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P
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Nondimensional particle diameter, dp*

0.1 1

Goal:

10

Particle residence time exceeds
reaction time requirements

-

Particles larger
than 400-500
microns (dp*=
15-20) do not
leave the bed

Cald flaw Aata
=G oW 32

Cold flow
extrapolation

Extrapolated hot
flow residence
time

Develop analytical tools to

allow scaled-up design of
Phase Il and IV Projects
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Pilot Plant Progress

Preliminary test matrix
P
P
P

Equipment list for long lead purchases

ot plant PFD and Aspen model
ot plant P&ID
ot scale conceptual design and CAD model

Defined existing equipment which can be reused
Priced new equipment to procure
Preliminary site plan



asnoer¢  Commercialization Plan (BP 2 & 3)

« Demonstration Plant:
» Economics of plant (profit/loss analysis, gap funding sources)
« Permitting risks and mitigation development
* Pre-FEED engineering
» Develop Pitch Package

e Commercial Plant:

 COE analysis refinement
(Pilot Test - Anchored models — Partial capture plant options)
« Commercial Market study (Plants slated for retirement and upgrade)

« Commercialization partners identified | —— [t

97.2% CO,

CO, Product T

Partial Capture Concepts being

developed for potential

customers to generate clean - g saco
- - g O _,— :® orotheruse

electricity and steam — o5k | cane e

cogeneration. duma M suckcan(25% con -

OTSG or HRSG
Petcoke Boiler (existing)

Waste solids




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 trade name, trademark, 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.

This research report was prepared by Aerojet Rocketdyne (AR) as an account of work contracted by US Department of
Energy Under Agreement DE-FE-0009448. Because of the research nature of the work performed, neither AR nor any of
its employees and subcontractors 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 trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement or
recommendation by AR.
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