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50+ Years of Space Propulsion

852 Humans Launched Into Space and 2112 Total Launches to Date
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Applying aerospace capabilities to solve 
complex energy challenges

• High energy density combustion
 6000º F

• Hydrogen technology
• Low cost < $10 per kW thermal

 5000 psia
• Regenerative cooling
 Low metal temperatures
 High system efficiency

 Unique design capabilities
 Advanced manufacturing processes

• Manufacturing and test
 Capacity > 200 GW thermal per year High system efficiency

• Short Residence Time Reactions & Control
• High speed rotating equipment

• 36,000 rpm

 Capacity > 200 GW thermal per year
 Rapid prototyping
 Extensive test capability

Providing competitive, step‐change technologies in large‐growth global markets
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Multi-Phase Project Objective: 
Commercialize clean coal technology by 2020

Phase I Phase II  Phase III Phase IV
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(TRL 3-4) (TRL 5-6) (TRL 6-8)

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



Roles are aligned to team member capabilities

Organization Role/Responsibility

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

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

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

PFBC Design supportg pp
Commercialization partner

 Fuel and limestone testing
MFIX physics model development

 Field demonstration unit site
Support demo plant design & cost

estimates

Voice of the end-user
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Review of process and cost modeling



Oxy-PFBC Project Heritage

1980-1985 Air Heater Experiment at 
Rocketdyne for Sandia National Lab
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2004-2012 Bubbling fluidized bed reactor and gas filtration 
solids looping tests for hydrogen production, Rocketdyne facility at EERC

Solids injection

Gas filtration and solids removal
Fluidized bed system



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 
ExchangerCooling system Exchanger

2.12, 2.13, 2.14 Lock 
Hoppers

4.5 Inerts Injection Lock 
Hopper

5B.1 SOx/NOx Removal

4 1 Fl idi d B d 4 6 CO A l T k B 1 C l i D4.1 Fluidized Bed 4.6 CO2 Accumulator Tank 5B.1 Catalytic Deoxo reactor

4.1 PFBC Convective HEX & 
manifolding

4.7 Burners for Startup 5B.1 Cryo-compression
manifolding

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 7 2 Gas Cooler for Recycle
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4.1 PFBC Reheat HEX 4.9 Tuyere System CO2 / O2 
Injection System

7.2 Gas Cooler for Recycle 
stream



A few options examined in Phase I Study
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Effect of >90% Capture and EOR Assumption

COE ($/MWhr) Option 1 Option 2 Option 3

1. Max. CO2 Recovery 107.6 106.1 104.0

2. 90% CO2 Recovery, EOR Assumption 106.8 105.2 103.2

3. 90% CO2 Rec + Reduced CO2 Purity 102.8 104.1 102.1

COE vs Case 11 (%) Option 1 Option 2 Option 3

1. Max. CO2 Recovery 32.9% 31.0% 28.5%

2 90% CO2 Recovery EOR Assumption 32.0% 29.9% 27.5%2. 90% CO2 Recovery, EOR Assumption 32.0% 29.9% 27.5%

3. 90% CO2 Rec + Reduced CO2 Purity 27.0% 28.6% 26.2%

CO2 Cost ($/MT) w/o TS&M Option 1 Option 2 Option 3

1. Max. CO2 Recovery 29.4 26.7 25.2

2. 90% CO2 Recovery, EOR Assumption 30.2 28.1 26.3
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3. 90% CO2 Rec + Reduced CO2 Purity 25.5 26.9 25.0



Phase I Study Results

• Exceeds DOE goal of >90% CO2 
reduction with COE increase of 35% 
or lessor less 

• 98% capture 
• 31% COE increase

• Oxy-PFBC technology enables future 
adoption of supercritical CO2 Brayton cycle 
for significant additional performance 
improvement 

• Focus on clear path to commercialization
• Current approach utilizes a suite of demonstrated technologies with high TRL components to• Current approach utilizes a suite of demonstrated technologies with high TRL components to 

minimize system development risk
• Team is in place to commercialize the technology (Linde, Alstom, Jamestown BPU, CANMET)
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Project Background:
Oxy‐Pressurized Fluidized Bed Combustor (PFBC)

PRODUCT
• Oxy‐fired, pressurized fluidized bed combustor equipment for 
coal‐fired power plants

• Elutriated flow removes ash and sulfur prior to recyclep y

BENEFITS
• Produces electric power with near zero emissions
• Produces steam for heavy oil recovery using low value feedstockProduces steam for heavy oil recovery using low value feedstock 
(petcoke, coal, biomass)

• Produces pure CO2 for Enhanced Oil Recovery (EOR)  

MARKETS
C i l S l PFBC C t

• Electric power generation with CO2 capture
• Heavy oil production (once‐through steam)
• Light oil production (CO2 floods) Heritage Rocketdyne 

Test Facility that 

Commercial Scale PFBC Concept

STATUS
• Long‐life, in‐bed heat exchangers demonstrated in 1980s
• Concept modified for oxygen‐firing rather than air
• Technology development contracts w/DOE

Demonstrated
Long Life In-bed Heat 

Exchanger

• Technology development contracts w/DOE

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

13



Project Objectives for Phase II

• Assess the components of the system designed in 
Phase I to confirm scalability, performance, and 

tcost.
• 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• Use the validated models to predict commercial 

scale cost of electricity.
• Develop Phase III (Demonstration at 20-100 MW) 

j t l i k iti ti t t d TRLproject plan, risk mitigation status and TRL 
advancement, and identify partners and sites.
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Phase II Schedule
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Phase II Tool Development

Goal:Goal: 
Develop analytical tools to 
allow scaled-up design of 
Phase III and IV Projects
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Phase III and IV Projects



Pilot Plant Progress 

• Preliminary test matrix
• Pilot plant PFD and Aspen modelPilot plant PFD and Aspen model
• Pilot plant P&ID
• Pilot scale conceptual design and CAD model• Pilot scale conceptual design and CAD model
• Equipment list for long lead purchases
• Defined existing equipment which can be reused• Defined existing equipment which can be reused
• Priced new equipment to procure
P li i i l• Preliminary site plan
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Commercialization Plan (BP 2 & 3)
• Demonstration Plant:

• Economics of plant (profit/loss analysis, gap funding sources)
• Permitting risks and mitigation developmentPermitting risks and mitigation development
• Pre-FEED engineering
• Develop Pitch Package  

• Commercial Plant:• Commercial Plant:
• COE analysis refinement 
(Pilot Test  Anchored models  Partial capture plant options)

C i l M k t t d (Pl t l t d f ti t d d )• Commercial Market study (Plants slated for retirement and upgrade)
• Commercialization partners identified

Partial Capture Concepts being 
developed for potential 
customers to generate clean 
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electricity and steam 
cogeneration. 



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 notspecific 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 ofThis 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 orservice by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement or 
recommendation by AR.
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