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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 lia-
bility 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, recommenda-
tion, 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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The U.S. Department of Energy’s (DOE) Fossil Energy Program has adopted a comprehensive, multi-pronged approach to the research and develop-
ment (R&D) of advanced carbon dioxide (CO,) capture technologies for today’s fossil fuel-based power platforms, as well as for industrial systems.
The National Energy Technology Laboratory (NETL) is implementing the Carbon Capture R&D Program to develop the next generation of advanced
CO, capture concepts. The success of this research will enable cost-effective implementation of carbon capture and storage (CCS) technologies
throughout the power generation sector and ensure the United States will continue to have access to safe, reliable, and affordable energy from
fossil fuels.

<
—
>
%
LU
>
@)

DOE’s GCS R&D effort is conducted as part of the CCS and Power Systems Program under the Office of Clean Coal and Carbon Management
(OCCM). OCCM is implemented by NETL through contracted research activities and onsite research at NETL. Research projects are carried out
under various award mechanisms — including partnerships, cooperative agreements, and financial assistance grants — with corporations, small
businesses, universities, nonprofit organizations, and other national laboratories and government agencies.

DOE/NETL's Carbon Capture Program consists of two core research areas — Post-Combustion Capture and Pre-Combustion Capture — com-
posed of projects with Technology Readiness Levels (TRLs) ranging from conceptual engineering and materials design (i.e., TRL 2) to 25-mega-
watt-electrical (MWe) equivalent pilot testing (i.e., TRL 5-7). These two core areas are focused on creating technological improvements providing
a step-change in both cost and performance as compared to current state-of-the-art solvent-based capture systems. Post-combustion systems
separate CO, from the flue gas stream produced by conventional fossil fuel-fired power plants after fuel combustion in air. In this approach, CO,
is separated from nitrogen (N,), the primary constituent of the flue gas. Pre-combustion systems are designed to separate CO, and hydrogen (H,)
from the syngas stream produced by the gasifier in integrated gasification combined cycle (IGCC) power plants. In both cases, R&D is underway to
develop technologies based on advanced solvents, sorbents, membranes, hybrid systems, and other novel concepts.

This Technology Compendium provides a technical summary of DOE/NETL's Carbon Capture Program, assembling CO, capture technology R&D
descriptions for 132 projects in a single document. As of October 1, 2019, there were 80 active projects and 52 completed projects. Active projects
listed were active at some point between September 1, 2017, and October 1, 2019, some of which may have ended during that time frame. De-
scriptions of the completed projects are provided in Appendix A. It should be noted that some of the previously completed projects may differ slightly
in format as they were developed for a prior version of the compendium. The following tables list the CO, capture technologies summarized in this
Compendium as developed under DOE/NETL's onsite and external R&D projects.

Onsite research at NETL in CO, capture leverages cutting-edge research facilities, world-class scientists and engineers, state-of-the-art compu-
tational modeling and simulation tools, and strategic collaborations to foster the discovery, development, and testing of transformational materials
and high-throughput computational tools. Through the Carbon Capture Simulation for Industry Impact (CCSI?), DOE’s core strengths in modeling and
simulation are partnered with industry to scale-up new and innovative carbon capture technologies.

National Energy Technology Laboratory —

Research and Innovation Center Technologies 04.01.2019 - 03.31.2022

Transformational Solvents

National Energy Technology Laboratory —

Research and Innovation Center Technologies 04.01.2019 - 03.31.2022

Microwave Assisted Sorbent Regeneration

National Energy Technology Laboratory —

Research and Innovation Center Technologies 04.01.2019 - 03.31.2022

Transformational Membranes

National Energy Technology Laboratory —

Research and Innovation Center Technologies 04.01.2019 - 03.31.2022

Systems Engineering & Analysis

National Energy Technology Laboratory —

Research and Innovation Center Technologies 04.01.2019 - 03.31.2022

Carbon Capture Simulation for Industry Impact

U.S. DEPARTMENT OF ENERGY




COMPENDIUM OF CARBON CAPTURE TECHNOLOGY

High levels of CO, capture are possible with chemical solvent-based systems, but these systems also require significant amounts of energy for re-
generation, which involves a temperature swing to break the absorbent-CO, chemical bond. Advanced solvents that have lower regeneration energy
requirements, lower volatility, and lower degradation rates than commercially available amine systems, combined with high CO, capture capacity
and tolerance to flue gas impurities, are being developed through DOE/NETL-sponsored research. Water-lean solvents are particularly promising for

CO, capture processes, providing significant reductions in energy requirements, corrosion, and solvent losses.

Piperazine Solvent with Flash Regeneration

Advanced Solvents, Heat Integration, and Membrane
Separation

Microencapsulated CO, Capture Materials
Direct Air Capture from Dilute CO, Sources
C0,-Binding Organic Liquid Solvents
Electrochemical Regeneration of Amine Solvents
Linde/BASF CO, Capture Process

Biphasic Solvents for CO, Absorption

Molecular Refinement of Water-Lean Solvents

Advanced Mixed-Salt Solvent Process
Pre-FEED Study for Retrofit

Ammonia- and Potassium Carbonate-Based Mixed Salt Solvent
Water-Lean Solvent

C0,-Binding Organic Liquid Solvents

Rotating Packed Bed with Advanced Solvent

Novel Additives for Water-Lean Amines
Water-Lean Solvent Emissions Mitigation

Fog and Froth Solvent Process

Water-Lean Amine-Based Solvent for CO, Capture
Advanced KM CDR Process FEED

FEED Study for Carbon Capture System Retrofit
Econamine FG Plus (EFG+) Retrofit to NGCC FEED
Piperazine Solvent with Advanced Stripper FEED
Fluor’s Econamine FG Plus Technology FEED

Amine-Based Capture Retrofit to NGCC FEED

Linde-BASF Amine Solvent-Based Technology Retrofit
for NGCC

KM CDR Process FEED

Phase-Changing Absorbent
C0,-Binding Organic Liquid Solvents

URS Group
University of Kentucky

University of Notre Dame

Carbon Engineering LTD

Pacific Northwest National Laboratory
Massachusetts Institute of Technology
University of lllinois at Urbana-Champaign
University of lllinois at Urbana-Champaign
Pacific Northwest National Laboratory

SRl International

University of North Dakota Energy and
Environmental Center

SRl International

Research Triangle Institute

Pacific Northwest National Laboratory
Gas Technology Institute

Liquid lon Solutions, LLC

Research Triangle Institute

University of Kentucky

ION Clean Energy, Inc.

University of lllinois at Urbana-Champaign
ION Clean Energy, Inc.

Electric Power Research Institute, Inc.
University of Texas at Austin
Minnkota Power Cooperative, Inc.

Bechtel National, Inc.
Southern Company Services, Inc.

Enchant Energy LLC

GE Global Research

Pacific Northwest National Laboratory

NATIONAL ENERGY TECHNOLOGY LABORATORY

10.01.2010 - 12.31.2018
10.01.2011 - 03.31.2019

10.01.2015 - 03.31.2019
09.19.2016 - 06.30.2019
07.01.2017 - 03.31.2021
08.01.2017 - 07.31.2020
04.04.2018 - 12.31.2020
04.06.2018 — 04.05.2021
05.01.2018 — 01.31.2021
06.01.2018 - 11.30.2021

06.25.2018 — 12.31.2019

07.01.2018 - 07.31.2021
08.08.2018 - 06.30.2021
10.01.2018 — 09.30.2020
10.01.2018 — 03.31.2021
10.01.2018 — 09.30.2021
10.01.2018 — 09.30.2021
05.01.2019 - 04.30.2021
06.01.2019 - 05.31.2021
09.30.2019 - 09.30.2021
10.01.2019 - 03.31.2021
10.01.2019 - 03.31.2021
10.01.2019 - 06.30.2021
10.01.2019 - 09.30.2020
10.01.2019 - 09.30.2020

10.01.1029 - 09.30.2021

10.15.2019 - 03.31.2021

11.01.2014 - 09.30.2017
04.01.2014 - 09.30.2017
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Aminosilicone Solvent

Waste Heat Integration

Amine-Based Solvent and Process Improvements
Slipstream Novel Amine-Based Post-Combustion Process

Chilled Ammonia Process Improvements

Carbonic Anhydrase Catalyzed Advanced Carbonate and Non-
Volatile Salt Solution (“Solvents”)

Carbon Absorber Retrofit Equipment

Novel Absorption/Stripper Process

Gas-Pressurized Stripping

Solvent + Enzyme and Vacuum Regeneration Technology

Optimized Solvent Formulation

Hot Carbonate Absorption with Crystallization-Enabled High-
Pressure Stripping

Self-Concentrating Amine Absorbent

lonic Liquids

Novel Integrated Vacuum Carbonate Process
POSTCAP Capture and Sequestration
Chemical Additives for CO, Capture
Reversible lonic Liquids

Phase Transitional Absorption

GE Global Research

Southern Company Services, Inc.
Southern Company Services, Inc.
Linde LLC

GE Power

Akermin, Inc.

Neumann Systems Group
William Marsh Rice University
Carbon Capture Scientific LLC
Novozymes North America, Inc.

Babcock & Wilcox
University of lllinois at Urbana-Champaign

3H Company, LLC

University of Notre Dame

llinois State Geological Survey
Siemens Energy Inc.

Lawrence Berkeley National Laboratory
Georgia Tech Research Corporation

Hampton University

10.01.2015 - 06.30.2017
10.01.2011 - 03.31.2017
10.01.2015 - 03.31.2017
12.01.2011 —= 11.30.2016
10.01.2015 - 09.30.2016

10.01.2013 - 09.30.2016

01.02.2012 - 12.31.2015
10.01.2011 - 12.31.2015
10.01.2011 - 06.30.2015
10.01.2011 - 06.30.2015
10.01.2011 - 04.30.2014

01.01.2011 - 03.31.2014

10.01.2010 - 01.31.2013
03.01.2007 - 09.30.2012
10.01.2008 - 04.30.2012
10.01.2010 - 02.29.2012
06.01.2008 - 09.30.2011
10.01.2008 - 09.30.2011
06.15.2005 - 06.30.2009

DOE/NETL's R&D objectives for post-combustion sorbents include development of low-cost, durable sorbents that have high selectivity, high CO,
adsorption capacity, and can withstand multiple regeneration cycles with little to no attrition.

Alkalized Alumina Solid Sorbent
Fluidizable Solid Sorbents
Pressure Swing Adsorption Process with Novel Sorbent

Porous Polymer Networks

Structured Sorbent-Based Process
for Low-Concentration Sources

High Efficiency Post Combustion Carbon Capture System
Amine-Appended Metal-Organic Framework Sorbent
Amine-Functionalized Resin Sorbent

Membrane-Sorbent Hybrid System

Bi-Layer Structured Sorbent

Microporous Sorbent

U.S. DEPARTMENT OF ENERGY

TDA Research, Inc.
Research Triangle Institute
Georgia Tech Research Corporation

Texas A&M University
InnoSepra, LLC

Precision Combustion, Inc.

Lawrence Berkeley National Laboratory
TDA Research, Inc.

TDA Research, Inc.

Electricore, Inc.

InnoSepra, LLC

02.03.2014 - 01.31.2020
10.01.2015 - 06.30.2018
10.01.2015 - 09.30.2019
10.01.2015 - 03.31.2019

02.22.2016 - 04.09.2019

02.21.2017 - 05.20.2020
08.31.2017 — 07.31.2021
07.02.2018 — 08.18.2021
08.15.2018 — 08.14.2021
05.01.2019 - 04.30.2021
05.01.2019 - 04.30.2022




Metal-Organic Framework (MOF)-Based Sorbent

Size-Sieving Sorbent Integrated with Pressure Swing Adsorption

Novel Solid Sorbent

Advanced Aerogel Sorbents

Temperature Swing Adsorption with Structured Sorbent

Rapid Pressure Swing Adsorption

Cross-Heat Exchanger for Sorbent-Based CO, Capture

Advanced Solid Sorbents and Processes for CO, Capture

Low-Cost, High-Capacity Regenerable Sorbent
Rapid Temperature Swing Adsorption

Hybrid Sorption Using Solid Sorbents

Metal Monolithic Amine-Grafted Zeolites

€0, Removal from Flue Gas Using Microporous MOFs
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TDA Research, Inc.

Rensselaer Polytechnic Institute

SRI International

Aspen Aerogels, Inc.

NRG Energy Inc.

W.R. Grace and Co.
ADA-ES, Inc.

RTI International

TDA Research, Inc.
Georgia Tech Research Corporation
University of North Dakota
University of Akron

uop

06.01.2019 - 05.31.2022
10.01.2019 - 09.30.2022

10.01.2013 - 09.30.2018
10.01.2013 - 12.31.2016
10.01.2015 - 09.30.2016
10.01.2011 - 07.31.2016
10.01.2013 - 12.31.2015
10.01.2011 - 12.31.2015
10.01.2011 - 09.30.2015
10.01.2011 - 03.31.2015
10.01.2011 - 12.31.2014
02.21.2007 - 03.31.2011
03.12.2007 - 06.30.2010
03.07.2007 - 12.31.2009
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Dry Sorbent-Based Post Combustion CO, Capture Process Research Triangle Institute

DOE/NETL's R&D objectives for post-combustion membrane technologies include the development of low-cost, durable membranes that have
improved permeability and selectivity, thermal and physical stability, tolerance to contaminants in combustion flue gas, and are integrated into low
pressure drop modules.

Sub-Ambient Temperature Membrane
Selective Membranes for <1% CO, Sources

Solid Phase Supports for Flue Gas CO, Separation
with Molten Electrolytes

Large Pilot Polymer Membrane System

Polymeric Membrane-Based Post Combustion
Engineering Design

Polymeric Membranes

Graphene Oxide Membranes
Polaris™Membrane CO, Capture System
Mixed Matrix Membranes
Inorganic/Polymer Composite Membranes

Polaris Membrane Technology FEED

Inorganic/Polymer Composite Membrane
Composite Hollow Fiber Membranes

Low-Pressure Membrane Contactors (Mega-Module)

American Air Liquide, Inc.

Ohio State University

Luna Innovations

Membrane Technology and Research, Inc.

Electric Power Research Institute, Inc.

Membrane Technology and Research, Inc.

Gas Technology Institute

Membrane Technology and Research, Inc.

State University of New York
Ohio State University

Membrane Technology and Research, Inc.

Ohio State University
GE Global Research

Membrane Technology & Research, Inc.

NATIONAL ENERGY TECHNOLOGY LABORATORY

10.01.2015 - 12.31.2019
03.01.2016 — 08.31.2019

02.21.2017 - 05.20.2020

04.01.2018 - 12.31.2020

04.06.2018 - 03.31.2020

06.01.2018 — 09.30.2021
06.01.2018 — 09.30.2021
08.01.2018 — 07.31.2021
07.01.2019 - 06.30.2020
07.01.2019 - 06.30.2022
10.01.2019 - 09.30.2021

10.01.2011 - 12.31.2015
10.01.2011 - 12.31.2014
10.01.2011 - 09.30.2014
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(2% Hollow-Fiber, Polymeric Membrane Research Triangle Institute 09.26.2008 — 09.30.2011

L

(>) Biomimetic Membrane Carbozyme 03.28.2007 — 07.31.2009
Dual Functional, Silica-Based Membrane University of New Mexico 08.23.2004 — 04.30.2009

DOE/NETL is evaluating various post-combustion novel concepts for large-scale CO, capture or compression. Novel concepts include hybrid sys-
tems that combine attributes from multiple technologies, electrochemical membranes, and advanced manufacturing to enable enhanced processes.
Several concepts were evaluated using computational fluid dynamics and laboratory testing, leading to prototype development and field testing.

Encapsulation of Solvents in Permeable Membrane

for CO, Capture Lawrence Livermore National Laboratory 03.01.2015 - 04.30.2019
Integrated Temperature and Pressure Swing . ) 3

Carbon Capture System Altex Technologies Corporation 06.08.2015 - 08.18.2018
ICE Membrane for Post-Combustion CO, Capture Liquid lon Solutions LLC 10.01.2015 - 09.30.2018
Supersonic Compression Dresser-Rand Company 03.01.2016 — 06.30.2018
Cryogenic Carbon Capture Process Sustainable Energy Solutions, LLC 10.01.2016 — 06.30.2019
Additive Manufacturing for CO, Capture Oak Ridge National Laboratory 07.01.2017 - 09.20.2019
Additively Manufactured High-Efficiency Reactors for Sorbents, . . B

Solvents, and Membranes Lawrence Livermore National Laboratory 08.01.2017 — 07.31.2021
Gas-Liquid Contacting Devices for Post-Combustion 3

CO, Capture ION Clean Energy, Inc. 01.19.2018 — 05.31.2020
Decoupled Absorber Kinetics and Solvent Regeneration through University of Kentucky 05.01.2018 — 04.30.2021

Membrane Dewatering and In-Column Heat Transfer
Aerosol Flue Gas Pretreatment Linde, LLC 06.01.2018 — 02.28.2021
Corrosion-Resistant Coated Carbon Steel Components

in CO, Capture Processes LumiShield Technologies Incorporated 10.01.2018 — 09.30.2020
Solvent Enabling Techniques University of Kentucky 10.01.2018 — 09.30.2021
Supersonic Inertial CO, Extraction System Orbital ATK, Inc. 10.01.2013 - 03.31.2017
Evaluation of Compression Efficiency Improvements Southwest Research Institute 10.01.2005 - 06.30.2014

Pre-combustion solvent R&D activities focus on addressing solvent technology challenges, including increasing CO,-loading capacity and reaction
kinetics coupled with decreasing regeneration energy.

CO, Capture Using AC-ABC Process SRl International 10.01.2009 — 09.30.2016
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DOE/NETL is developing solid sorbents for pre-combustion CO, capture aimed at improving the cost and performance of IGCC CO, separation.
These sorbents must maintain a high adsorption loading capacity, be resistant to attrition over multiple regeneration cycles, and exhibit good perfor-
mance at the high temperatures encountered in IGCC systems to avoid the need for syngas cooling and reheating.
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High Capacity Regenerable Sorbent TDA Research, Inc. 10.01.2013 - 03.31.2021

Sorbent Development for WGS URS Group, Inc. 01.01.2010 — 09.30.2013

Several advanced membrane technology options are under development by DOE/NETL to separate GO, and H, in coal-derived syngas. Membrane
designs include metallic, polymeric, or ceramic materials operating at elevated temperatures and using a variety of chemical and/or physical mech-
anisms for separation. Successful membranes must have high permeability and selectivity with low pressure drop, tolerance to contaminants (e.g.,
sulfur), and be capable of operation at system temperatures up to 500°F.

Zeolite Membrane Reactor Arizona State University 10.01.2015-12.31.2018
Mixed Matrix Membranes State University of New York, Buffalo 10.01.2015-09.30.2018
WGS Catalytic Membrane Reactor Bettergy Corporation 07.02.2018 — 08.18.2021
Ergmpggglespyzggnseric Membranes for H, Separation Membrane Technology and Research, Inc. 10.01.2018 — 09.30.2021
PBI Polymer Membrane SRl International 10.01.2018 — 09.30.2021
Ceramic-Carbonate Membrane Reactor Arizona State University 10.01.2018 — 09.30.2021
Amine-Containing Polymeric Membrane Ohio State University 10.01.2018 — 09.30.2021
Carbon Molecular Sieve Hollow Fiber Membranes State University of New York, Buffalo 10.01.2018 — 09.30.2021
m%ﬁ:ggg ggggﬁ?&gﬁggrgﬁn&%;g;%n|\’>|/|e0ri16bc rilﬁ; Sieve Media and Process Technology, Inc. 10.01.2013 - 09.30.2017
High-Temperature Polymer-Based Membrane Los Alamos National Laboratory 03.01.2013 - 03.31.2016
Dual-Phase Ceramic-Carbonate Membrane Reactor Arizona State University 10.01.2009 — 09.30.2014
Pd-Alloys for Sulfur/Carbon Resistance Pall Corporation 10.01.2009 — 09.30.2014
Hydrogen-Selective Zeolite Membranes University of Minnesota 10.01.2009 — 09.30.2014
Pressure Swing Membrane Absorption Device and Process New Jersey Institute of Technology 10.01.2009 — 03.31.2013
Nanoporous, Superhydrophobic Membrane Contactor Process ~ Gas Technology Institute 10.01.2009 — 03.31.2012
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DOE/NETL is developing various novel concepts for the integration of CO, removal processes with other systems, including water-gas shift and
adsorption reactors, to efficiently and cost-effectively separate CO, from produced syngas streams.

Combined CMS Membrane/WGS Reactor

and Adsorption Reactor University of Southern California 06.01.2019 — 05.31.2022

Combined CO, Sorbent/WGS Reactor Southern Research Institute 10.01.2015 - 09.30.2018

DOE/NETL also participates in R&D collaborations exploring multiple approaches to CO, capture for coal-based power plants and modeling the
economic and emissions reduction impact of carbon capture R&D.

Carbon Capture Testing Center Southern Company 06.06.2014 — 05.31.2020

University of North Dakota Energy and

Partnership for CO, Capture Environmental Research Center

09.28.2011 - 12.31.2014

Analysis of CCS Technology Adoption Argonne National Laboratory 02.01.2011 - 03.31.2014
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primary project goals

The National Energy Technology Laboratory’'s (NETL) Research and Innovation
Center (RIC) is developing advanced solvents for pre-combustion carbon dioxide
(CO,) capture that can reduce both the energy penalty and the cost of CO;
separation compared with conventional technologies. Novel advanced solvents
are optimized through designing, synthesizing, characterizing, modeling, and
performance-testing these materials.

technical goals

e Design and synthesize low-cost hydrophobic solvents with high CO, uptake,
low hydrogen (H>) uptake, low viscosity, and low vapor pressure.

e Measure the crucial properties of these solvents, which are needed in order to
conduct economic comparisons with commercially available physical solvents.

e Measure corrosion rates for both commercially available solvents and NETL-
designed solvents. Generally, hydrophobic physical solvents have significantly
lower corrosion rates compared with aqueous and hydrophilic solvents under
acidic conditions inside a pre-combustion CO; capture absorber and flash tanks.

e Develop a method for operating the existing continuous stirred tank reactor
(CSTR) under mixed gas conditions. While quantifying gas uptake into solvents
under mixed gas conditions is challenging compared with measuring gas
uptake under pure gas conditions, such data are crucial for predicting the real-
world performance of a pre-combustion carbon capture solvent, especially
water absorption from the gas stream effects on CO; and H; solubilities.

e Conduct economic comparisons for 30 different physical solvents, which will
include both commercially available solvents and NETL-synthesized solvents.

e Conduct long-term experimental testing at the University of North Dakota's
Energy and Environment Research Center (UNDEERC) on the most promising
physical solvent based on economic comparisons of 30 physical solvents.

e Conduct a hybrid solvent-membrane test at UNDEERC, demonstrating the
synergies of a hybrid solvent-membrane system at modular-scale gasifiers.

technical content

Liquid solvent processes are the most well-developed technology for CO;
separation. In these processes, a liquid solvent circulates between an absorption
column and a series of desorption flash tanks. The energy required to separate
CO; from the gas stream can either come in the form of electricity or low-
grade/waste heat.

The current state-of-the-art pre-combustion CO; capture solvents are Selexol®
(Union Carbide, Houston, Texas, United States) and Rectisol® (Lurgi AG, Frankfurt
am Main, Germany). Unfortunately, both solvents are hydrophilic, have high vapor
pressure, and can cause significant corrosion at elevated temperatures. To avoid
water uptake and solvent evaporation, the syngas temperature for both processes

NATIONAL ENERGY TECHNOLOGY LABORATORY

Laboratory-Scale; Pilot-
Scale, Actual Syngas

Pre-Combustion Solvents

National Energy Technology
Laboratory — Research and
Innovation Center

FWP-1022402

2018 Carbon Capture FWP

David Hopkinson
david.hopkinson@netl.doe.gov

Nicholas Siefert
nicholas.siefert@netl.doe.gov

University of Pittsburgh,
University of North Dakota
Energy & Environmental
Research Center
(UNDEERC),

Carbon Capture Scientific
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DOE/NETL CARBON CAPTURE PROGRAM R&D

is typically lowered to sub-ambient conditions (10°C for Selexol and -10°C for Rectisol) and then raised back up to roughly
200°C for combustion. This process is both inefficient and costly. Instead, hydrophobic solvents with low vapor pressures
could be operated at higher temperatures to avoid the energy and cost penalties associated with cooling the syngas to
below ambient conditions. The ideal pre-combustion carbon capture solvent would be operated above room temperature
and regenerated using waste heat, which would minimize the electricity and cost penalties associated with CO; separation
from syngas.

Accordingly, this research is focused on finding materials that are hydrophobic so that they can be operated at
temperatures between 40 and 150°C and in the presence of water vapor and contaminants. A particular focus has been
placed on the testing solvents to determine their CO; solubility, kinetics, mass transfer, regeneration energy, stability, and
corrosion rates on common steels. Each of these properties is a parameter that may be tuned in solvent development, so
their effect on CO, separation energetics, and ultimately cost, serves to guide materials development. Equally important,
system and economic studies are being conducted to determine how these material properties affect the overall
performance of the pre-combustion capture system. NETL-RIC is currently conducting economics comparisons on 30
solvents (both commercially available and NETL-synthesized). Subsequently, a regression analysis will be conducted to
determine the ideal combination of these properties (i.e., the trade-offs between viscosity, CO, uptake, H, uptake, and
vapor pressure).

Improvements in material performance can be achieved through modifications to the structure or formulation of the
solvent material. When appropriate, computational methods have been used to guide structure and formulation
modifications. For example, NETL has developed several hydrophobic physical solvents with promising performance for
pre-combustion CO; capture by combining high absorption capacity of polyethylene glycol (PEG) and the hydrophobicity
and low viscosity of poly(dimethylsiloxane) (PDMS). Using hydrophobic solvents avoids the necessity to remove water
vapor from the syngas stream, which increases efficiency and decreases capital cost. To date, several solvents that were
invented by NETL show improvements, and one in particular, PEGPDMS-3, has shown exceptional performance for low
energy and low capital cost of CO; removal from fuel gas. Another exciting solvent, which came from a computational
screening of more than 100,000 physical solvents, is titled CASSH-1. This solvent is extremely low cost and hydrophobic,
and has reasonably low vapor pressure, high CO; uptake, and high CO/H; selectivity.

NETL has tested both PEGPDMS-3 and CASSH-1 under real syngas generated at a fluidized-bed gasifier at UNDEERC.
Both solvents performed well compared against the two commercially available solvents, which were also tested at
UNDEERC under the same operating conditions. (See references below for experimental results.)

technology advantages

NETL's PEGPDMS-3 and CASSH-1 solvents have several advantages for pre-combustion CO; capture:

e Simple synthesis procedure using low-cost reagents.

e Hydrophobic nature allows pre-combustion capture at higher temperatures when water vapor is present in syngas,
eliminating the need to lower the syngas temperature to below 40°C to remove the water vapor and minimizing the
energy and cost penalties of cooling the syngas.

e High CO./H; selectivity.
e No foaming tendency.

e Can operate above room temperature due to lower vapor pressure, reducing energy penalty for chilling syngas.

R&D challenges

Challenges for physical solvent process for pre-combustion CO; capture include:

e Achieving balance between required physical properties, such as viscosity, density, vapor pressure, CO, capacity,
COy/H; selectivity, and cost.

U.S. DEPARTMENT OF ENERGY
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¢ |dentifying chemical functionalities for the optimal mix of physical properties and performance.

e Increasing the COy/H; selectivity of the solvent, increasing hydrophobicity, decreasing viscosity, and optimizing
solvents for temperature, pressure, and gas mixture conditions specific to its application.

e Measuring uptake of gases into the solvent phase under real/mixed gas conditions (CO,, H,, water [H,O], and other
impurities)

status

In previous work, NETL developed several promising physical solvents based on PEG/PDMS with comparable CO; capacity,
higher CO,/H, selectivity, and improved vapor pressure compared to Selexol, along with improved hydrophobicity and
lower viscosity. Two NETL-developed solvents were tested in actual syngas at UNDEERC.

available reports/technical papers/presentations

Siefert, N. and Hopkinson, D., * " Presented at 2019
NETL CO, Capture Technology Meeting, Pittsburgh, PA, August 2019.

Shi, W, Thompson, R.,, Macala, M., Resnik, K., Steckel, J., Siefert, N., Hopkinson, D., "
" Journal of
Chemical & Engineering Data, 2019, 64, 9, 3682-3692.

Thompson, R, Culp, J., Tiwari, S., Basha, O., Shi, W., Damodaran, K., Resnik, K., Siefert, N., Hopkinson, D., "

20
m
(%)
m
>
2
@)
I
>
Z
O
z
Z
@)
<
>
—=i
O
Z
@)
m
Z
_'
m
2
_‘
m
@)
L
Z
O
(L
@)
©
m
(%)

/" Energy & Fuels, 2019, 33, 5, 4432-4441.

Hopkinson, D., Siefert, N., Thompson, R., Macala, M., and Lei, M., "Di-Substituted Siloxane Solvents for Gas Capture,” US
Non-provisional Patent Application No. 15/989,444.

Wei Shi, Megan Macala, Robert L. Thompson, Surya Tiwari, Kevin P. Resnik, Nicholas Siefert and David Hopkinson "

" 2018 AIChE Conference, Pittsburgh, PA, October 2018.

Luebke, D., Nulwala, H., Kail, B, Shi, F. Thompson, R., and Siefert, N., “Sulfur Tolerant Hydrophobic lonic Liquid Solvent,”
US Patent 9,975,080, May 2018.

O. Basha, I. Gamwo, N.S. Siefert, and B. Morsi, "Computational Fluid Dynamics Modeling and Optimization of Absorber
Design for Pre-combustion CO, Capture," International Pittsburgh Coal Conference, September 2017.

Nicholas Siefert, “
Presented at 2017 NETL CO; Capture Technology Meeting, Pittsburgh, PA, August 2017.

Nulwala, H. and Luebke, D., “High Performance Hydrophobic Solvent, Carbon Dioxide Capture,” US Patent 9,643,123,
May 2017.

Shi, W., Siefert, N.S.S., and Morreale, B.D., ”
/" J. Phys. Chem. C, 119 (33), pp
19253-19265 (July 2015).

Siefert, N.S, Agarwal, S., Shi, F., Shi, W., Roth, E.A., Hopkinson, D., Kusuma, V.A., Thompson, R.L,, Luebke, D.R., and
Nulwala, H.B., ”
" International Journal of Greenhouse Gas Control, Volume 49, June 2016, Pages 364-371.

Fan Shi, Nicholas Siefert, and David Hopkinson, “Anti-foaming Study for Physical Solvents for Pre-Combustion CO;
Capture,” 2015 AIChE Annual Meeting, Salt Lake City, November 8-13, 2015.
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Nicholas Siefert, Hunaid Nulwala, Wei Shi, Fan Shi, Jeffrey Culp, Elliot Roth, Victor Kusuma, David Hopkinson, “Warm Gas
Pre-combustion CO, Capture Using Hydrophobic Solvents,” 2015 International Pittsburgh Coal Conference, Pittsburgh,
PA, October 5-8, 2015.

Fan Shi, Brian Kail, Hunaid Nulwala, Nicholas Siefert, David Luebke, "Effects of Contaminants on Pre-combustion CO»
Capture Solvents," 18th Annual Energy, Utility & Environment Conference (EUEC), San Diego, CA, Feb 16-18, 2015.

Siefert, N., Sweta, A., Nulwala, H., Roth, E., Kusuma, V., Shi, F., Shi, W., Culp, J., Miller, D., Hopkinson, D., Luebke, D.,
"Hydrophobic, Physical Solvents for Pre-combustion CO, Capture: Experiments and System Analysis,” Fourteenth Annual
CCUS Conference, Pittsburgh, PA, April 30, 2015.

S|efert N., Sweta, A., Nulwala, H., Roth, E., Kusuma, V., Shi, F., Shi, W., Culp, J., Narburgh, S., Miller, D., Hopkinson, D.,
" Presented at 2015 NETL CO, Capture Technology
Meeting, Pittsburgh PA, June 25, 2015.
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primary project goals

The objective of this project is to evaluate microwave-assisted sorbent
regeneration for carbon dioxide (CO2) capture processes as an alternative for the
current state-of-the-art methods. A novel sorbent material that is optimal for
electromagnetic fields will be designed, synthesized, optimized, and evaluated.

technical goals

e Develop a novel microwave-assisted slurry process for post-combustion carbon
capture that has a CO, desorption flux 10 times faster in comparison with
thermal heating and consumes much less energy for CO, desorption, even at
process temperatures of 65 to 85°C.

e Assess microwave-assisted sorbent regeneration for some known in-house
sorbent materials.

e Develop highly active, thermally and chemically stable materials to achieve
sorbent regeneration at relatively lower temperatures (i.e., as low as 85°C) than
the conventional processes.

e Provide a fundamental understanding of phenomena leading to the
development of novel materials and processes for carbon capture technologies.

e Develop and optimize a novel reactor system for carbon capture technologies.

technical content

Carbon capture using solid sorbents has many benefits compared to state-of-the-
art solvent systems, including the inherent ability to circulate less moisture than
solvent systems, which results in lower heat duties. However, solid sorbents are
more difficult to heat than solvents and generally require direct heating, in which
the use of steam or recirculated CO; for regeneration results in slow kinetics.
Regeneration temperatures can be reached at extremely fast rates using the
method of rapid heating through microwave radiation. This rapid regeneration
leads to a smaller size regenerator, potentially reducing capital costs. Sorbent
regeneration rates can be enhanced by applying high-frequency electromagnetic
fields to the sorbent regeneration zone, which can selectively stimulate targeted
sites on the sorbent through dielectric and magnetic interactions without
increasing the bulk gas temperature and solid medium. These conditions result in
significantly higher sorbent regeneration rates at relatively lower temperatures
than predicted by thermodynamics, which can provide savings in both energy and
feed costs. Further, due to the selective input of energy, microwave heating is more
efficient and more rapid than conventional heating, which requires heating of the
entire reactor system and is limited by conventional heat transfer mechanisms. The
basis of these effects lies in the fundamental physics by which radiation at
microwave frequencies interact with matter.

NATIONAL ENERGY TECHNOLOGY LABORATORY
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The National Energy Technology Laboratory’s (NETL) basic immobilized amine sorbent (BIAS) slurry has demonstrated
the removal of CO, from a dry or humidified post-combustion flue gas, along with fast CO, desorption kinetics. The
adsorption data shown in Figure 1 verify that the amount of CO, adsorbed by sorbent-1 is the same as the amount of
CO; adsorbed by a slurry of the same sorbent dispersed in solvent-1 (when normalized to the mass of sorbent in the
slurry). The equal uptake in the sorbent and slurry verify that the silicone oil dispersant does not interfere with CO, uptake
in the suspended sorbent. The microwave desorption data showed a regeneration time of only a few minutes for releasing
a CO; gas stream from the slurry compared to several hours using the conventional thermal regeneration method. As
Figure 2 shows, microwave (MW) irradiation delivered up to 10 times more accumulated CO; than thermal heating (TH)
within the first 20 minutes. The enhanced CO, desorption rate under microwave heating is especially pronounced during
the first few minutes of microwave Time on Stream (mTOS) due to the lag in the thermal heating ramp resulting from the
thermal inertia of the system. Thermal images, as shown in Figure 3, also demonstrated that microwave energy can be
selectively absorbed by polarized components with a high dielectric loss factor (i.e.,, CO-adsorbed BIAS) in slurry. The
other major advantage is a high-pressure pure CO; product, as indicated in Table 1 — as high as 30 pounds per square
inch gauge (psig) of pressure was observed.

35 | LI LA B T I LI L | T T rT— 7 |
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Figure 1: Comparing CO2 uptake normalized to the mass of sorbent for the pure sorbent-1 (red)
and a slurry of the same sorbent dispersed in solvent-1 (black).
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Figure 2: Comparison of microwave and thermal regeneration of the basic immobilized amine slurry.
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Figure 3. Thermal images of (a) silica, (b) silicone oil, (c) fresh BIAS, (d) CO2-loaded BIAS, and (e) CO:-adsorbed BIAS in silicone oil,
respectively, at 1 min mTOS under 200-W microwave irradiation.

Temp.,°C TOS, min  Pressure, psig Pulsed MW output, W

40 2 n/a =
40 2 n/a -
60 2 3 -
60 5 9 -
100 2 26 13-20
100 2 26 13-20
100 60 30 13-20
100 2 25 13-20
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Since traditional carbon capture materials may not be optimal for electromagnetic field regeneration, there is a need for
proof-of-concept runs on proven sorbents that are also active in an electromagnetic field. Zeolite-based sorbents have
been shown to absorb microwave radiation, and when properly functionalized, zeolite can capture CO,. Using zeolite-
based material as a capture material also allows for high surface area and tunable surface chemistry. In this project,
zeolite-based materials are being investigated and optimized to improve regeneration using a semi-continuous fixed-
bed microwave reactor. As microwave interactions with materials depend on the particle geometry, zeolite-based
materials can be optimized by adjusting physical properties, including particle size, pore size, number of active surface
sites, etc. Proof-of-concept testing on microwave-assisted regeneration of zeolite 13X have shown rapid regeneration
rates with greater than 50% faster regeneration times compared to conventional regeneration (Figure 4). Zeolite 13X is
an excellent microwave absorber and heats to a desorption temperature of 100°C in 30 seconds under microwave
irradiation. Conventionally, heating times are on the order of 15 minutes.

Normalized CO, on sorbent
(mmol/mmol)

120 5

100 +

80

60

Temperature (°C)

40 -

20

Time (min)
Figure 4. CO; desorption curves and temperature profiles during microwave and conventional regeneration of zeolite 13X.

In addition, computational modeling techniques, such as a finite difference time domain (FDTD), are being used to
optimize interactions between the microwave field and material and to minimize any thermal losses in the system. Poor
interaction between the microwave field and material, thermal losses, and coupling with interior features of the reactor
cavity versus material contribute in making microwave technology inefficient for certain materials; therefore, it is
important to target sorbent materials that can heat efficiently under microwave irradiation. In addition to zeolites, amine-
based materials or carbon hybrid materials that can be heated with microwaves can also be evaluated. A basic kinetic
study on the regeneration of CO; using these materials is required to confirm rapid release of CO,. Furthermore, a system
study will determine the energy savings associated with the process and will reveal what type of reactor is suitable for
larger-scale application.

In this project, new formulas of microwave-stable slurry are being designed, synthesized, optimized, and evaluated in
electromagnetic fields for carbon capture. The effects of reaction conditions (regeneration temperature; microwave
power, pulse, and frequency) on slurry regeneration are being investigated. The formulated slurry is being tested in a
laboratory environment (absorption at 60°C and desorption at no more than 100°C) at NETL using a Discover SP
microwave reactor with simulated flue gas. Promising materials are further investigated in a bench-scale environment. In
parallel to the slurry studies, an optimal sorbent material is also being designed, characterized, and evaluated for the
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microwave-assisted carbon capture technologies. A systems engineering and analysis assessment for microwave-assisted
regeneration process is being prepared based on experimental results, including an evaluation of kinetics and activation
energy of desorption, to determine the energy and cost savings compared to using steam for regeneration. A survey will
be performed to explore the application of microwave technology used for any industrial scaled-up processes and the
scalability of the technology.

The scale-up of the microwave-assisted slurry process for carbon capture involves testing in a slurry reactor (1-liter scale)
with a microwave regeneration unit and the establishment of operating conditions and procedures to further
commercialize the process. Computational efforts focus on screening and optimizing non-aqueous solvents and sorbents
for use of microwave regeneration. This involves studying the interactions between CO, and the non-aqueous solvent or
sorbent under microwave conditions and then determining the materials that will be most responsive to microwaves at
certain wavelengths. Information gathered from experimental tests and modeling is used to design and improve
microwave-assisted slurry carbon capture systems that can be scaled-up and tested with a slipstream of flue gas at the
National Carbon Capture Center (NCCC) in Wilsonville, Alabama.

technology advantages

o Selective heating via microwave radiation is extremely rapid, allowing regeneration temperatures to be attained at very
fast rates.

e Rapid regeneration allows for smaller regenerator size in a commercial application, lowering capital costs.

e Applying electromagnetic fields to sorbent or slurry regeneration zone enhances sorbent regeneration rates at
relatively low temperature (i.e., at 85°C), providing energy and cost savings.

e Microwave regeneration of sorbent and non-aqueous slurry are steam-free processes, which substantially lowers the
cooling and regeneration energy duties while eliminating the need for reboilers and steam extractors.

e NETL is established as a premier institute in the microwave area and has commissioned a variable frequency microwave
reactor that is a one-of-a-kind system that does not exist in any other research laboratories in the world.

R&D challenges

e Addressing issues associated with microwave technology, such as poor interaction between the microwave field and
material, thermal losses, and coupling with interior features of the reactor cavity versus material.

e Scale-up of microwave-based slurry or sorbent regeneration process.

status

NETL's Research and Innovation Center (RIC) has demonstrated significantly higher sorbent regeneration rates (at least
50% faster) for releasing a CO; gas stream from a zeolite sorbent or BIAS slurry compared to using the conventional
thermal regeneration method (steam). A conceptual systems engineering and analysis assessment for the microwave-
assisted regeneration process was also performed based on the measured regeneration kinetics. The scalability of the
microwave-assisted slurry process is being evaluated.

available reports/technical papers/presentations

Patents

F. Shi, McMahan Gray, Yee Soong, Yuhua Duan, Tuo Ji, Microwave-Accelerated Regeneration of Graphene-Amine
(MARGA) Aqueous Solution for Carbon Capture, S-163,989 (19N-30), 2019.
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F. Shi, J. Culp, M. Gray, etc., Regenerable Non-Aqueous Basic Immobilized Amine Slurries for Removal of CO, from a
Gaseous Mixture and a Method of Use Thereof, 2019, PCT International Patent Application No. PCT/US19/47047.

F. Shi, J. Culp, M. Gray, etc., Regenerable Non-Aqueous Basic Immobilized Amine Slurries for Removal of CO; from a
Gaseous Mixture and a Method of Use Thereof, 2018, 16/110,352.

Technical Paper

T.Ji, H. Zhai, J. Culp, C.M. Marin, H. P. Paudel, B. Kail, W.C. Wilfong, Q. Wang, Y. Duan, Y. Soong, F. Shi, M. Gray, A Non-
Aqueous Microwave-Accelerated Regeneration of a Slurry (MARS) Process for Carbon Capture, Science, 2020 (under
review).

Presentations

F. Shi, T. Ji, H. Paudel, Y. Duan, J. Culp, C. Marin, M. Gray, Novel Microwave-Accelerated Regeneration of a Non-aqueous
Slurry (MARS) for Post-combustion Carbon Capture, 2019 AIChE meeting, Orlando, FL, Nov. 10, 2019.

F. Shi, T. Ji, Y. Soong, M. Gray, A study of ultra-fast CO, desorption kinetics for Microwave-Enhanced Regeneration
Process, 2019 Carbon Management Technology Conference, Houston, TX. July 2019.

Ellison, C.; Shekhawat, D. Microwave-assisted Regeneration of Zeolite 13X for CO, Capture. In Proceedings of IMPI's 53
Annual Microwave Power Symposium, Las Vegas, NV, June 18-20, 2019.
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primary project goals

The National Energy Technology Laboratory’s (NETL) Research and Innovation
Center (RIC) is developing new, ultra-high-performance membranes and
membrane modules for post-combustion carbon dioxide (CO,) capture.
Membrane types under investigation include polymer membranes and mixed
matrix membranes (MMMs); also, high-permeance flat sheet and hollow fiber
supports are being fabricated on which thin-film coatings of the polymers can be
demonstrated. Development efforts are consistent with overall goals of reducing
the energy penalty and cost of CO, separation relative to conventional
technologies.

technical goals

e For polymer membranes, selectivity/permeability —performance for
COy/nitrogen (N2) gas separations lying on or above the Robeson upper bound.

e Polymeric materials must overcome the practical difficulty of poor mechanical
properties that are often associated with high-performance experimental
polymers.

e Viable membrane module performance given the low-pressure driving force
available in post-combustion flue gas.

e Progression from proven performance in simulated flue gas to validation on
actual flue gas slipstream at pilot scale.

e Determination of cost effectiveness of membranes/modules for post-
combustion CO; capture in techno-economic analyses (TEAs), consistent with
approach to a cost of carbon capture at $30/tonne CO. by 2030.

technical content

Membrane technology poses an exciting option for large-scale gas separations
due to the small footprint, simplicity of the device and process, ease of operation,
modularity and bolt-on installation, and typically low parasitic energy
requirements. Industrially, polymer-type membranes have a well-established role
in gas separation technology, and are commonly used in applications such as
separation of hydrogen from gas mixtures, purifying natural gas, etc. However,
extremely high-permeability membrane materials are needed to make this
technology an economically viable option for post-combustion CO, capture. While
there are multiple experimental membranes reported in the literature that appear
to meet the performance requirements, most have practical drawbacks, such as
poor mechanical strength, poor thin film forming ability, reduced performance
with aging, or complex and expensive synthesis procedures. Therefore, there is a
need to develop new membranes that have high performance but also meet the
practical requirements of post-combustion CO, capture.

NATIONAL ENERGY TECHNOLOGY LABORATORY
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Advanced Polymer Membranes

Fundamentally, polymer membranes are bounded by their performance, known as the Robeson upper bound (gas
permeability must be sacrificed for species selectivity and vice versa). This intrinsic trade-off between permeability and
selectivity is a significant limitation of using polymer membranes in the challenging application of capture of relatively
dilute CO; from flue gas. Incremental improvements in polymer performance continue to advance the trade-off curve
towards more selective, more permeable materials, but a step-change over current technology would facilitate wider
implementation of membrane technology.

Recently, NETL-RIC has been investigating two polymers of interest for CO, capture: PIM-1 and MEEP80-polyposphazene
(MEEP80-PPZ), as illustrated in Figure 1. PIM-1 has high permeability, but has low selectivity, forms brittle films, and aging
tends to reduce its permeability. MEEP-PPZ has only moderate permeability but has high selectivity and forms gummy
films.

PIM-1

w0
MEEPS0 " G o o™

Terminology 4-methoxyphenol 2-allylphenol (2-AP)
(4-MEOP)

methoxyethoxy-
ethanol (MEE)

MEEP80-PPZ 80% 15% 0% 5%

PPOP-PPZ 0% 0% 97% 3%
Figure 1: High-performance polymers.
NETL has found that blends of PIM-1/MEEP-PPZ have high permeability and excellent mechanical properties in terms of

forming strong and flexible films. The performance of the neat polymers and the better performing blends are shown in
Figure 2.
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Figure 2: Polymer blend performance.

Also, in the area of advanced polymers, NETL has been combining MEEP-PPZ and PPOP-PPZ and adding a crosslinking
agent to form crosslinked MEEP (XL MEEP). MEEP-PPZ has excellent gas separation performance, but is a flowing semi-
solid material, while PPOP-PZ has poor gas separation performance but excellent mechanical robustness. The resultant
XL MEEP has excellent gas separation performance and is a solid with good mechanical robustness. NETL testing and
analyses have shown that crosslinking of MEEP dramatically improves film durability with some decrease in gas
permeability, and that crosslinked MEEP gas separation performance can be optimized based on composition and
crosslinker. Crosslinked MEEP is stable in real flue gas, shows little performance degradation in the presence of humidity,
and thin films suffer no significant degradation from aging.

Mixed Matrix Membranes

MMMs are a technology that could potentially achieve a step-change in gas separation performance. MMMs are
composite structures that make use of a polymer matrix and a porous filler particle. Metal-organic frameworks (MOFs)
are commonly used as the filler particle because of their high CO, uptake and the tunability of their pores for achieving
selective mass transfer of CO, relative to the other species in post-combustion flue gas (primarily Ny). In general, MOFs
will have more desirable gas transport properties than a polymer but are very difficult to form into a free-standing and
defect-free membrane film. By integrating MOFs into a polymer film, the selectivity and permeance of the film are
enhanced. This makes the system more capable of dealing with a low partial pressure driving force than conventional
polymers, while also retaining the processability of a polymer. The MMM concept, challenges, and development are
depicted in Figure 3.
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Advantages of MMM Problems in preparation of MMM Engineering the materials resulted
in defect-free membranes

Mixed matrix N
A .~ Pure ®
AOES R .
e -
9 . Inorganics
C
©
e L )
—
L
= .
& ® | Phenyl acetyl
Polymers Sieve-in-a-cage Matrix Rigidification functionalized
Ui0-66-NH,

Cost (S/sg.meter)

Hydmp,&'n
bonding ?,-‘

@
f— ‘ ‘ L ‘ 'Y ‘
» ‘ 2 ® ° 6 Leaky Interface Plugged Sieves

Polymer Inorganic fiIIerJ atii

Figure 3: MMMs characteristics and development.

MMMs often suffer from poor contact between the polymer matrix and MOF crystallites. This phenomenon, known as
the sieve-in-a-cage effect, can cause gas streams to bypass the MOFs without separation, thus dramatically reducing
selectivity. Overcoming this problem and identifying a polymer-MOF pair with the capability to form a highly permeable
and selective membrane is a technology development focus.
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Figure 4 shows the performance of various MMMs on the Robeson plot, showing their potential to exceed the
characteristic performance limits of ordinary polymeric membranes.

- .Robeson upper bound
100 SRR Mmoo
> . A = .performance h—'—'—"—‘—‘—J
= 7 o T TR 'Pol\;mer Inorganic
g ] (kA | [T po'otorl | filer ol
S
)
v
~
£ 103
~ -
o) ] . -
- A Matrimid-Uio-66 ! * NETL lon Gel
7 [ polyphosphazene-StFSlX R
4 I @/ PIM-BILP L I * NETL XL MEEP
 IXPE-Silica gel % NETL PIM-1/MEEP
1
1 10 100 1000 10000 100000

CO, Permeability (Barrer)

Figure 4: MMMs performance.
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Most recently, NETL has taken a unique approach to MMM design by using high-throughput computational tools to
predict the gas permeability of a large database of MOF materials and make predictions of the gas permeation behavior
of more than a million hypothetical MMMs. The model was expanded by coupling it with process analysis tools to
calculate the cost of capture for the hypothetical MMMs. This represents the first known attempt at a true rational design
of MMMs for post-combustion carbon capture. It was found that a well-designed MMM can lead to dramatic
improvement of performance over a neat polymer and reduce the cost of capture by $15/tonne.

Several screened candidates were experimentally demonstrated, showing excellent agreement with model results. Figure
5 shows these candidates, which exceed the Robeson upper bound.

Qe dodeoe

NETL Polymer3
Poly+MOFA-20%-expt
Poly+MOFA-20%-comp
Poly+MOFB-40%-expt
Poly+MOFB-40%-comp
Poly+MOFC-40%-expt
Poly+MOFC-40%-comp

CO,/N, Selectivity

50 -

W
o

)]
o

15

Recent NETL MMM Results

-] -]

10

100 1000 3000

CO, Permeability (Barrer)

12000

Figure 5: NETL's recent MMM results.

NETL has investigated incorporating MOFs into the already high-performance advanced polymers PIM-1/MEEP and XL
MEEP, as discussed previously. The MMMs formed show improved performance over the base advanced polymers, as
illustrated in Figure 6.
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CO, Permeability

Figure é: Improved performance of NETL MMMs from XL MEEP and PIM-1/MEEP advanced polymers.
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Supports and Thin-Film Coatings

Carbon capture using membranes depends on much more than the development of an effective selective layer. The
selective layer must be extremely thin, and thus it must be reinforced by a strong, highly permeable support layer. In
order to prevent the selective material from flowing into the pores of the support layer, a thin “gutter” layer can be
introduced between the support and the thin selective layer. The combination of these various layers is called a thin-film
composite (TFC). NETL has recently made significant advances in TFC membranes, particularly in the development of
high-flux porous supports. NETL's current hollow fiber membrane supports have N, permeance greater than 100,000 gas
permeation units (GPU), CO»/N; selectivity ~0.8 (Knudsen diffusion), surface pore size ~20 nm, and are resistant to mild
solvents. These have been fabricated as both high-flux hollow fiber supports and high-flux flat sheet supports. The two
panels on the top of Figure 7 show PIM-1/MEEP/10% MOF MMM selective layer on a hollow fiber support, while the
bottom two panels show a XL MEEP selective layer on a flat sheet support.
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Figure 7: PIM-1/MEEP MMMs and XL MEEP in thin-film composites.

technology advantages

e Membranes separate mixed gas streams according to differences in gas permeability across a membrane film, enabling
steady-state operation with no energy-intensive regeneration step required. This creates potential for energy savings
using this technology.

e Higher-permeability membranes lead to a reduced membrane area requirement, smaller capital cost, and a smaller
equipment footprint.

e NETL-developed polymers have enhanced mechanical stability.

e High-throughput computational methods have identified MMMs capable of breaking the Robeson upper bound.

R&D challenges

e Increasing membrane permeability and selectivity for CO.
e |dentifying compositions that have durable mechanical properties and good thin-film forming properties.
e Maintaining low cost of fabrication, particularly in membranes that involve complex synthesis procedures.

e Maintaining robust performance under harsh operating conditions, such as elevated temperature or pressure.

NATIONAL ENERGY TECHNOLOGY LABORATORY
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Increasing the resistance of membranes and membrane materials to contaminants including water, sulfur species, or
particulates.

Increasing the compatibility between composite membrane materials.

Realizing good membrane separation performance, even under low driving forces for separation associated with
energy-saving configurations.

Achieving defect-free thin-film selective layer coatings that are less than 1 um in thickness.

available reports/technical papers

“"Membrane Development for Post-Combustion CO2 Capture,” Dave Hopkinson, NETL Research and Innovation Center,
presentation at the 2019 Carbon Capture, Utilization, Storage, and Oil and Gas Technologies Integrated Review Meeting
- Capture and Utilization Sessions, August 2019.

“The effect of poly(ethylene oxide) cross-linking structure on the mechanical properties and CO; separation
performance of an ion gel membrane,” Victor Kusuma, Christina Chen, James S. Baker, Megan K. Macala, David
Hopkinson, Polymer, 2019.

"High-throughput computational prediction of the cost of carbon capture using mixed matrix membranes,” Samir
Budhathoki, Olukayode Ajayi, Janice Steckel, Christopher Wilmer, Energy & Environmental Science 4 (2019) 1111-1430.

"Defect-Free MOF-Based Mixed-Matrix Membranes Obtained by Corona Cross-Linking,” Katayama, Y.; Bentz, K. C,;
Cohen, S. M., ACS Applied Materials & Interfaces 2019, 17 (13), 13029-13037 DOI: 10.1021/acsami.9b02539.

“lonic Liquid Compatibility in Polyethylene Oxide/Siloxane lon Gel Membranes,” Victor A. Kusuma, Megan Macala, Jian
Liu, Anne M. Marti, Rebecca Hirsch, Lawrence J. Hill, David Hopkinson, Journal of Membrane Science, 545 (2018) 292-
300.
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“Interfacial Engineering in Metal-Organic Framework-Based Mixed Matrix Membranes Using Covalently Grafted
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“Incorporation of benzimidazole linked polymers into Matrimid to yield mixed matrix membranes with enhanced
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Marti, Surendar R. Venna, Elliot A. Roth, Jeffrey T. Culp, and David P. Hopkinson, ACS Applied Materials and Interfaces,
10-29 (2018) 24784-24790.
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Dispersed Filler Particles and Strong Filler-Matrix Interaction,” Fangming Xiang, Anne Marti, David Hopkinson, Journal of
Membrane Science, 556 (2018).

“Microporous polymeric composite membranes with advanced film properties: pore intercalation yields excellent CO;
separation performance,” Ali K. Sekizkardes, Victor A. Kusuma, Joshua S. McNally, David W. Gidley, Kevin Resnik,
Surendar R. Venna, and David Hopkinson, Journal of Materials Chemistry A, 6 (2018) 22472-22477.

“Cross-linked Poly(ethylene oxide) lon Gels Containing Functionalize Imidazolium lonic Liquids as Carbon Dioxide
Separation Membranes,” Kusuma, Victor; Macala, Megan; Baker, James; Hopkinson, David, Industrial & Engineering
Chemistry Research, 2018 57 (34), pp. 11658-11667.
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“Interactions at the Interface of Polymer Matrix-Filler Particle Composites,” Jie Feng, Surendar Venna, and David
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“lonic Liquids as the MOFs/Polymer Interfacial Binder for Efficient Membrane Separation,” Lin, R.; Ge, L.; Diao, H.;
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“Improved Interfacial Affinity and CO, Separation Performance of Asymmetric Mixed Matrix Membranes by
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Systems Engineering and
Analysis

primary project goals Carbon Capture Retrofit
Database Tools

The U.S. Department of Energy’'s (DOE) National Energy Technology Laboratory

(NETL) has developed three carbon capture retrofit database (CCRD) tools that

provide high-level analysis on the incremental cost for retrofitting point sources National Energy Technology
with carbon dioxide (CO>) capture and/or compression systems. The tools also Laboratory — Research and
provide options to include the cost of implementing other plant emissions Innovation Center

reduction technology improvements that may be required to comply with various

regulations (e.g., Mercury and Air Toxic Standards [MATS]" and New Source

Performance Standards [NSPS]*?) when installing CO- scrubbing technology, or aid FWP-1022402
in maximizing the efficiency of the installed CO, removal technology.

. N/A
technical goals
e Provide a tool that allows for the quick approximation of the cost to retrofit an
existing power or industrial plant with CO; capture equipment, grounded in Alexander Zoelle
sound techno-economic analysis (TEA) fundamentals and methodology alexander.zoelle@netl.doe.gov

approaches.
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e Provide sufficient technology options for selection, upstream of the capture

system, to maximize the applicability of the tool.
Timothy Fout

o For example, if a candidate plant for retrofit does not remove sulfur from fimothy.fout@netl.doe.gov

the flue gas at adequate levels to meet the inlet flue gas specifications of

the capture system to be added, the tool provides additional technology

options for selection and inclusion to frame all requirements for the N/A
addition of CO, capture.

technical content

Techno-economic evaluation of the impacts that post-combustion CO, capture
systems impart on power and industrial plants is key to determination of
technology viability. Performing a TEA of an individual technology can provide
insights into the key process parameters for a given capture system and identify
areas for improvement that offer the most return by way of performance
improvement and cost reduction. Practitioners of TEAs generally operate using
their preferred set of assumptions, modeling and cost estimating methodologies,
and sensitivity analysis approaches, and these standards may vary across
organizations. In addition, there may be limitations regarding data availability and
approaches for filling these gaps may vary widely. These factors can contribute to
assessments that may or may not be developed on equivalent bases, and thus may
not be comparable without sufficient definition of all assumptions and
methodologies.

At NETL, systems analysis of power and power-related technologies, particularly
post-combustion carbon capture, has been a focus for many years, and a key
output of that work has been publicly available guidelines for conducting a TEA

NATIONAL ENERGY TECHNOLOGY LABORATORY
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that are normalized, consistent, and transparent. However, even with the detailed guidance available for technology
developers seeking to assess their systems, differences can still arise that lead to incompatible studies and results. To
alleviate this issue, NETL has developed numerous tools for public use that build on the extensive systems analysis
guidelines developed by NETL and simplify the process of systems analysis to allow for a broader range of engineers and
scientists to take advantage of techno-economic evaluations.

NETL has developed three separate CCRD tools:

e Two power-related tools:

o One assessing coal-fired pulverized coal (PC) and atmospheric fluidized bed (AFB) units (the PC CCRD) and another
assessing natural gas units (the natural gas combined cycle [NGCC] CCRD).

e A third focused on industrial source (IND) sectors.

The IND CCRD contains data on facilities from the ammonia, cement, ethanol, hydrogen, and natural gas processing
industries. The tools allow for a user to quickly screen, at a high level, the impact of adding carbon capture to a plant by
calculating the incremental cost for retrofitting point sources with CO; capture and/or compression systems.

The reference costs for all CCRDs are predicated on baseload operation, so no cost or performance considerations are
rendered for turn-down capability. In addition, the reference cost data sourced from NETL reports, and applied in the
CCRDs, has been developed for a target plant size; therefore, scaling cost and performance data to units of significantly
differing sizes, compared to the reference data, will introduce inaccuracies due to the nature of process design. Calculation
of cost results follows NETL's guidance®® and utilizes capital charge factors that will be contingent on a number of financial
parameter assumptions, including interest rate, return on equity, economic life of the plant, debt and equity split, debt
term, and others.

Similar to reference costs, the performance basis for the reference systems considered in the CCRD were developed for
International Organization for Standardization (ISO) ambient conditions™), and no cost or performance adjustments are
made in the CCRD to account for the operating ambient conditions.

In order to reflect the expected but undefined costs associated with the retrofit of existing plants, a retrofit cost factor is
applied to all sites with no consideration given to the amount of retrofit equipment required, the available space, or other
site-specific conditions. As the plant configuration will have a significant impact on the actual installation costs and design
(and therefore equipment costs) of each system, the site-specific retrofit factor would be expected to deviate significantly
from the average value applied in the CCRDs.

The PC and NGCC CCRDs do not provide a library of existing U.S. fleet power plants for which calculations may be applied
to. If this type of analysis is desired, the individual user must obtain and import this data into the CCRD. The CCRD does
come pre-populated with cases that derive from legacy NETL systems analysis studies of representative coal and natural
gas power plants. These cases can be used without further adjustment if appropriate for the analysis desired.

In the case of a user importing U.S. fleet plant data, the CCRD offers several options to allow the user to bring the plant
into compliance with air emissions regulations, such that the plant is suitable for the addition of post-combustion capture
equipment. For example, if an existing unit does not meet the nitrogen oxides (NOx) environmental regulatory limit, a
selective catalytic reducer (SCR) can be included in the retrofit configuration, and the cost of adding the SCR unit is
calculated by the CCRD based on the CO, capture rate. There are cost result accuracy considerations given the approach
employed by the CCRD to include addition of the SCR. The scaling approach of CO, flow rate provides a short-cut method
reasonable for a screening-level assessment to approximate costs, but does not take into account site-specific
considerations of the existing plant, such as boiler type, coal type, removal efficiency requirements, and other factors, and
thus could result in an over- or under-sized SCR. Similar to NOy, if an existing unit does not meet the sulfur dioxide (SO,)
regulatory limit, wet flue gas desulfurization (FGD) can be included in the retrofit configuration, and the cost of FGD is
calculated by the CCRD based on the CO; capture rate. The same cost result accuracy considerations listed for addition
of SCR apply to the addition of FGD.

U.S. DEPARTMENT OF ENERGY
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While scaling the CO, removal system on the rate of CO, captured is significantly more accurate than for either FGD or
SCR (discussed above) for similarly designed plants, regardless of coal type, considerable deviations can occur due to
various process design choices, such as excess air to the boiler, infiltration air, air leakage, efficiency of existing gas cleanup
systems, and operating temperature and pressure. Using solvent-based CO;, removal systems as an example, additional
air in the flue gas will not only increase the volumetric flow rate, but will also have a diluting effect on the CO;
concentration of the flue gas. These factors will affect the sizing of both the pre-scrubber and absorption columns
(impacting capital costs), as well as the solvent circulation rate (impacting the operating and maintenance [O&M] costs,
capital cost, and auxiliary load). The same cost result accuracy considerations listed for addition of SCR and FGD apply to
the retrofit of the CO, removal system, and the user should take these considerations into account when interpreting the
results.

The reference CO, compression system considered in the CCRD is an integrally geared centrifugal type, designed for
baseload operation®, which may not be suitable for all unit sizes. For small units, reciprocating compressors may be more
appropriate, but the current CCRD does not offer this technology selection option.

In instances where the user provides U.S. plant fleet data, the CCRD charting tools allow for generation of an array of
scenario results plots. In Figure 1, the fleet-of-entries level view is presented for the breakeven CO; sales price. In this
scenario, which is based on a particular user-defined set of assumptions, the plot shows that 80% of the total plant
capacity input into the CCRD tool and retrofitted could return a cost of $125/tonne or less. Figure 2 presents a different
scenario, where the nameplate capacity of the unit retrofitted, based on the user-defined fleet data, is plotted against the
calculated breakeven CO; sales price. The trend shows that as the unit size increases, the breakeven CO; sales price
decreases.

Breakeven CO; Sales Price vs Cumulative Portion of
Capacity

1008
S0%
80%
T0%
0%
50%

30%
20%
10%

mﬁ T T T T T 1
) 50 100 150 200 250 300

Breakeven C0; Sales Price [5/tonne]

Cumulative Portion of Capacity

Figure 1: Breakeven CO: sales price versus cumulative portion of capacity retrofitted.
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Unit Capacity vs Breakeven CO, Sales Price
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Figure 2: Unit capacity retrofitted versus breakeven CO: sales price.

technology advantages

e The tool allows for a first-cut screening of the potential impact of technology options, ranging from developing to
commercially available CO; capture technologies, on the existing fleet of coal and gas power plants (when fleet data
is provided by the user), as well as industrial sources.

R&D challenges

o Lack of detailed energy and mass balance diagrams for each plant in the U.S. fleet reduces absolute accuracy of single
point results.

e Lack of comprehensive publicly available U.S. fleet plant data for pre-population of the tool database.

e The user must provide their own plant data or use the pre-populated cases that derive from legacy NETL systems
analysis studies of representative coal and natural gas power plants.

e The individual plant level accuracy of results is subject to the underlying performance and cost approximation
methodologies and plant data. While the underlying methodologies are sound, an individual plant-level model and
capital cost estimate is not developed for each case. Thus, the most useful application of the tool results is to compare
case outputs based on varying user inputs (e.g., power plant inputs, capture technology inputs, etc.) rather than
assessing an individual case's absolute result.

status

NETL has developed three CCRD tools that allow for a quick approximation of the cost to retrofit an existing power or
industrial plant with CO, capture equipment.

U.S. DEPARTMENT OF ENERGY
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primary project goals

The primary project goals are to utilize the computational tools and models developed
under the Carbon Capture Simulation Initiative (CCSI), in partnership with industry, to
scale-up new and innovative carbon capture technology. The Carbon Capture Simulation
for Industry Impact (CCSI?) operates in conjunction with and in support of the U.S.
Department of Energy’s (DOE) Office of Fossil Energy’s (FE) Carbon Capture Program to
focus on advancing promising technologies.

In 2010, DOE initiated CCSI to help reduce the amount of time that it historically takes to
develop and scale-up new technologies in the energy sector, which traditionally takes up
to 15 years to move from the laboratory to pre-deployment, and another 20 to 30 years
for mature, industrial-scale deployment. Advanced modeling and simulation is developed
and applied to enable more rapid and lower-cost capture technology development at
reduced risk during the commercialization process.

technical goals

The team assists the Carbon Capture Program and technology developers by:

e Providing more detailed understanding of capture materials through system
performance under parametric uncertainty.

e Enabling improved designs for high performance and intensified unit operations.
e Indicating synthesis of processes optimized for novel materials.

e Characterizing dynamic system behavior.

e Providing more informed design, operating, and control decisions.

e Optimizing processes with intrinsic uncertainty.

e Providing a framework for intelligent design of experiments at all Technology
Readiness Levels (TRLs) for model refinement and system optimization.

CCSI? has released the CCSI Toolset to the public as open-source and continues to
maintain the tools, including document capabilities and instructions for use, as well as
the public repository. In addition, CCSI? also continues to provide improvements to better
support the Carbon Capture Program. The CCSI> website can be found at:

and the CCSI Toolset is available at:

CCSI?is led by the National Energy Technology Laboratory (NETL) and leverages the DOE
national laboratories’ core strengths in modeling and simulation. CCSI? integrates the
best modeling and simulation capabilities at NETL and complements them with relevant,
world-class expertise at Lawrence Berkeley National Laboratory (LBNL), Lawrence
Livermore National Laboratory (LLNL), Los Alamos National Laboratory (LANL), Pacific
Northwest National Laboratory (PNNL), and Oak Ridge National Laboratory (ORNL) in
pursuit of the overarching vision of CCSI?.

U.S. DEPARTMENT OF ENERGY
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technical content

Carbon capture is critical to significantly reducing domestic and global carbon dioxide (CO2) emissions. However, the energy and
capital cost associated with carbon capture systems is prohibitive for deployment. Today’s cost to capture CO: using state-of-the-
art carbon capture technologies must be reduced to competitive levels more rapidly and at lower risk. FE goals are for technologies
under development to be ready for commercial deployment by 2030 and must be on a pathway to achieve a price of $30/tonne of
CO2 captured, or a reduction in cost of electricity (COE) of a state-of-the-art supercritical pulverized coal plant with carbon capture
and storage (CCS; excluding transportation and storage) by 30%. Balancing capital cost reduction and performance improvements
with a level of CO2 capture meaningful enough to contribute to climate change mitigation is critical in this approach, yet this balance
introduces a great deal of additional complexity. CCSI?, with world-class expertise in process modeling and proven cost-performance
optimization frameworks, is ideally positioned to provide well-informed perspective on the most impactful areas of research and
development (R&D) to most cost-effectively mitigate CO; in electrical and industrial sectors.

The CCSI? team provides fundamental analysis, modeling, and optimization of carbon capture technology by working closely with
industry partners. The CCSI? team efficiently identifies data collection needs, characterizes carbon capture materials, designs and
optimizes devices and processes, and fully propagates uncertainty in model predictions for a complete perspective on model
accuracy.

The work is organized under several tasks, including the Discovery of Carbon Capture Substances and Systems (DOCCSS) Support,
the Computational Support for the Capture Portfolio, and the Open-Source Toolset Community Support.

The DOCCSS Initiative has three projects that explore the integrated development and optimization of devices and systems for the
following transformational concepts:

e LBNL Metal-Organic Framework (MOF) Sorbent Materials
e PNNL CO2-Binding Organic Liquids (CO2BOL)
e LLNL Advanced Device Manufacturing

The Computational Support for the Capture Program task focuses on increasing the impact of R&D across the Carbon Capture
Program by generating and applying computational frameworks to support carbon capture technology research. The subtasks for
this task include:

e Sequential Design of Experiments
e Multi-Scale Modeling and Optimization
e Guiding R&D for Carbon Capture in the Industrial Sector

An Open-Source Toolset Community Support task manages the open-source CCSI Toolset, which was released March 30, 2018. A
centralized open-source repository was created and is maintained to facilitate public access to the CCSI Toolset. Prior to release,
the CCSI computational tools were conditioned and documented to reduce the need for ongoing support of the public release. This
task developed a software and management framework for interoperability of the underlying simulation tools, ongoing
development of the software and management of public tools for CCSI?, and information access (i.e., CCSI> website management).

technology advantages

CCSI developed and deployed a suite of multi-scale computational tools that find use in multiple carbon capture technology
development applications. Overall, this CCSI Toolset: (1) enables promising concepts to be more quickly identified through rapid
computational screening of processes and devices; (2) reduces the time to design and troubleshoot new devices by using detailed,
device-scale models to better understand and improve the internal behavior of complex equipment; (3) streamlines process design
by using state-of-the-art optimization techniques that focus development on the best overall operating conditions and process
configurations; and (4) provides quantitative predictions of device and process performance during scale-up based on rigorously
validated simulations that take into account model and parameter uncertainty.

With open-source licensing of the CCSI Toolset available, the CCSI? team is poised to rapidly engage carbon capture technology
developers for direct and widespread support within the Capture Program. Moreover, the CCSI% team is also currently in multiple
negotiations/agreements with technology developers outside the FE Carbon Capture Program; some are interested in
complementary R&D via Cooperative Research and Development Agreements (CRADAs) for maximum collaborative impact, and
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others are interested in directly funding the CCSI? team via Contributed Funds Agreements (CFAs) to apply their expertise to specific
problems of interest. Both mechanisms will strengthen CCSI?> capabilities and ability to extend application of the developed
knowledge to future capture technology development efforts.

R&D challenges

Identification and rigorous quantification of scale-up uncertainty and model enhancement to reduce such uncertainties.

status

The tasks of CCSI? have four thrusts:

1. Provide direct, low-TRL support to the projects awarded under the DOCCSS Initiative. The DOCCSS Initiative integrates
contributions from national laboratory developers and industrial stakeholders to accelerate the commercialization process of
advanced carbon capture materials, requiring a multi-hierarchical characterization that embodies materials through systems-
level performance. Specifically, this work ensures advanced materials development efforts are integrated with advanced systems
design, analysis, and optimization. Work first focused on CO2BOL and MOF-based modeling frameworks to enable multi-scale,
integrated materials and device and process optimization. Work continues to address generalized solvent and sorbent
frameworks for execution year (EY) 2020 and beyond.

2. Develop a formalized Sequential Design of Experiments (SDoE) methodology that strives for data generation at all TRLs that is
optimized for a variety of objectives, including model refinement, process optimization, etc. In EY 2018, this thrust worked
towards developing a methodology to optimize the experimentation required at any scale, maximizing learning while reducing
the time and cost of experimental testing at lab- through pilot-scale. In EY 2019, to reduce time and personnel required to
implement SDoE, the project teams worked to build additional capability for computational Design of Experiments into the
Framework for Optimization and Quantification of Uncertainty and Sensitivity (FOQUS)—a validated computational fluid
dynamics (CFD) model to wetted area in a packed column—which covered computational experimental design, maximizing
learning while reducing the time and computational cost of generating results from computationally-intense simulations;
developed constrained Design of Experiments to consider operational and/or safety restrictions in the Design of Experiments;
and investigated the feasibility of Design of Experiments generation based on output-based requirements. In EY 2020, the
initiative will work to implement dynamic Design of Experiments, which will substantially increase the speed and amount of data
that can be generated at pilot-scale.
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3.Inform R&D efforts in projects supported by the Carbon Capture Program through fundamental modeling, analysis, and
optimization, including an Advanced Flash Stripper (AFS) modeling framework capable of rapid design and operational
optimization to minimize COE, and demonstration of an Advanced Process Control (APC) strategy predicted to reduce settling
time by 80%. The efforts expanded in EY 2019 to work on accurate wetted area framework for estimating advanced packing and
generic solvents to inform device performance, as well as the support of large-scale pilots through modeling and uncertainty
guantification. The EY 2020 focus will shift to advance solvent system configurations by developing models for packed-column
intensification and optimization, a framework for techno-economic analysis (TEA) taking into account flexibility of solvent-based
capture systems, and reducing emissions from industrial sources.

4. Prepared and released the full CCSI Toolset to the open domain, namely to complete a fully operational toolset release and
launch of a repository for both open-source and internal CCSI> modeling products. Then focus shifted to launch of the system
for evaluation, testing, and release management of open-source contributions to the CCSI Toolset. In EY 2020, the project seeks
to improve the toolset for continued Carbon Capture Program support. The CCSI> team continues to work to develop the
management system as a fully operational open-source community with toolset revision evaluation and distributed toolset
management in EY 2020.

available reports/technical papers/presentations

CCSI? Website:
CCSl Toolset:

CCSI? Publications List:
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primary project goals

URS Group, Inc. (URS) investigated the use of a concentrated aqueous piperazine
(PZ) solvent combined with novel solvent regeneration systems to capture carbon
dioxide (CO;) from coal-fired flue gas more economically. Methods for
measurement, generation, and control of amine aerosols were also explored. Pilot
tests and analyses were conducted at the 0.1-megawatt-electric (MWe) scale, and
then scaled to the 0.5-MWe scale for testing at the National Carbon Capture
Center (NCCC). Results were used to evaluate the technical and economic
feasibility of a full-scale implementation of this process.

technical goals

¢ Quantify and demonstrate the robustness of concentrated PZ with coal-fired
flue gas in an integrated absorption/stripping system with solvent regeneration
at 150°C.

e Optimize equipment design and energy performance for the innovative solvent
regeneration configurations.

¢ |dentify and resolve other potential operational and design issues, including
amine aerosol emissions, process control, corrosion, foaming, and solids
precipitation.

e Evaluate the technical and economic feasibility of a full-scale implementation
of this process.

technical content

URS, in collaboration with the University of Texas (UT) and Trimeric Corporation,
studied the use of concentrated PZ as a solvent for absorbing CO, from coal-fired
power plant flue gas. Concentrated PZ has a faster CO; absorption rate, higher CO>
capacity, lower volatility, and negligible thermal and oxidative degradation
compared with conventional amine solvents. Evaluations of concentrated PZ for
CO; removal have previously been performed through laboratory investigations,
process modeling, and short-term testing in a 0.1-MWe unit with synthetic flue
gas. Results indicated greater than 90% CO; capture. This project continued the
development of the PZ-based CO; absorption process through a series of four test
campaigns at pilot scale to gain operational experience with the solvent in coal-
fired flue gas, while employing a novel, high-temperature flash regeneration
design. The process parameters of the PZ solvent are listed in Table 1.

The project team addressed the project objectives in two phases. In the first phase,
the PZ absorption process was combined with a novel regeneration scheme—a
high-temperature two-stage flash (2SF), shown in Figure 1. This configuration was

Pilot-Scale (0.5 MWe),
Simulated Flue Gas and
Coal-Derived Flue Gas
Slipstream

Piperazine Solvent with Flash
Regeneration

URS Group, Inc.

FEO005654

Bruce Lani
bruce.lani@netl.doe.gov

Gary T. Rochelle
The University of Texas at

Austin
gfr@che.utexas.edu

University of Texas at Ausfin,
Trimeric Corporation

10.01.2010
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installed in UT's Separations Research Program (SRP) plant and tested at 0.1-MWe scale with synthetic flue gas using PZ
in the SRP plant absorption column.

High Temperature 2-Stage Flash

Absorbejimbbed Flue Gas Steam
40°C
Ldg = 0.31
Flash
Cross-Exchanger Tank
Intercooling AT Approach =5 °C 13.5 atm

150 C

Lo _

» Concentrated Piperazine
Flue Gas \E Solvent
Ldg = 0.41

Figure 1: Diagram of PZ CO2 absorption process with high-temperature two-stage flash.

The results from the SRP test program and the techno-economic analysis (TEA) demonstrated the benefits of using PZ as
a solvent-of-choice for CO, capture. The results from the SRP test program revealed that 2SF regeneration is a viable
alternative regeneration process to simple stripping; however, the TEA showed only a marginal economic benefit of the
2SF process. Therefore, additional testing at the 0.1-MWe scale was performed on an advanced flash stripper (AFS) (Figure
2) regeneration design to validate a significant reduction in energy requirement and capital cost. The improvement in
energy performance is achieved through use of the cold rich bypass and warm rich bypass streams in the AFS
configuration. Compared to previous campaigns with the 2SF, the AFS reduced the heat duty by more than 25%. Testing
at the SRP plant also confirmed that PZ with a 5 molal concentration is a superior solvent to PZ with an 8 molal
concentration. The reduced viscosity of 5 molal PZ results in an enhanced CO, absorption rate in the absorber and
improved heat transfer performance in the cross-exchanger, which reduces heat duty. Combining the 5 molal PZ solvent
with the AFS, as shown in Figure 2, decreases the cost of CO; capture to less than $40/tonne.

Trim condenser ColdrichX
Cold Rich BPS
H,0 " \ 4
Warm Rich BPS
0 | Stripper
Steam heater +
Flash
Lean solvent Cross exchanger —|

Figure 2: 5 molal PZ CO: absorption with the advanced flash stripper.
Since one of the main objectives of this project was to address operational and design issues of the PZ process, the project

team recommended to the U.S. Department of Energy (DOE)/National Energy Technology Laboratory (NETL) that project
resources be allocated toward investigating and solving critical solvent management issues that are common to amine
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solvents, particularly the formation and control of aerosols. DOE/NETL approved the project team to use the project
resources remaining in Phase | to study aerosol formation in the absorber. Aerosols have been implicated in high amine
emissions from absorbers at several pilot plants. The project team conducted further tests at UT's SRP facility to investigate
possible mechanisms for aerosol formation and concluded that aerosol and solid precipitation could be managed with 5
molal PZ.

In Phase I, the optimized technology including the AFS and 5 molal PZ was scaled to 0.5-MWe scale for a single test
campaign at the NCCC with coal-fired flue gas. The existing NCCC Pilot Solvent Test Unit (PSTU) system was modified to
change the existing lean solvent storage tank to a rich solvent storage tank. The second bed intercooler was not used,
and the third bed was piped so that it could be used as an additional stage of water wash during a portion of testing.

Testing at the NCCC provided operational experience with PZ in coal-fired flue gas and demonstrated that the AFS process
configuration provides significant improvements in energy performance over the conventional simple stripper (SS)
configuration with PZ and has the potential to improve the energy performance of other solvents. Additionally, the
campaign investigated the effect of flue gas sulfur trioxide (SO3) concentration on amine aerosol emissions and evaluated
the technology for other operational and design issues, such as the solvent stability, degradation, and corrosion.

Molecular Weight mol-’ 86.14 86.14
Normal Boiling Point °C 146 146
Normal Freezing Point °C 106 106
Vapor Pressure @ 15°C bar 0.000206 0.000206
Manufacturing Cost for Solvent $/kg $60/b $60/b
Concentration kalkg 30% 30%
Specific Gravity (15°C/15°C) — 1.02 1.02
Specific Heat Capacity @ STP kd/kg-K 3.2 3.2
Viscosity @ STP cP 7 7
Pressure bar 0.05 0.05
Temperature °C 40 40
Equilibrium CO2 Loading mol/mol 0.8 0.8
Heat of Absorption kd/mol CO: 70 70
Solution Viscosity cP 3.2 3.2
Pressure bar 6 6
Temperature °C 150 150
Equilibrium CO: Loading mol/mol 0.44 0.44
Heat of Desorption kd/mol CO2 70 70
Flue Gas Flowrate kg/hr 2,662,000

CO:2 Recovery, Purity, and Pressure % | % | bar 90% 95% 153
Absorber Pressure Drop bar 0.013

Estimated Absorber/Stripper Cost of _$ B

Manufacturing and Installation kg/hr
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DOE/NETL CARBON CAPTURE PROGRAM R&D

Definitions:

STP - Standard temperature and pressure (15°C, 1 atmosphere [atm]).

Pure Solvent — Chemical agent(s), working alone or as a component of a working solution, responsible for enhanced CO;
absorption (e.g.,, monoethanolamine [MEA] in an aqueous solution).

Manufacturing Cost for Solvent — "Current” is market price of chemical, if applicable; “Target” is estimated manufacturing
cost for new solvents, or the estimated cost of bulk manufacturing for existing solvents.

Working Solution — The solute-free (i.e, CO-free) liquid solution used as the working solvent in the
absorption/desorption process (e.g., the liquid mixture of MEA and water).

Absorption — The conditions of interest for absorption are those that prevail at maximum solvent loading, which typically
occurs at the bottom of the absorption column. These may be assumed to be 1 atm total flue-gas pressure (corresponding
to a CO; partial pressure of 0.13 bar) and 40°C; however, measured data at other conditions are preferable to estimated
data.

Desorption — The conditions of interest for desorption are those that prevail at minimum solvent loading, which typically
occurs at the bottom of the desorption column. Operating pressure and temperature for the desorber/stripper are
process-dependent (e.g., an MEA-based absorption system has a typical CO; partial pressure of 1.8 bar and a reboiler
temperature of 120°C). Measured data at other conditions are preferable to estimated data.

Pressure — The pressure of CO; in equilibrium with the solution. If the vapor phase is pure CO,, this is the total pressure;
if it is a mixture of gases, this is the partial pressure of CO,. Note that for a typical pulverized coal (PC) power plant, the
total pressure of the flue gas is about 1 atm and the concentration of CO; is about 13.2%. Therefore, the partial pressure
of CO; is roughly 0.132 atm or 0.130 bar.

Concentration — Mass fraction of pure solvent in working solution.
Loading — The basis for CO; loadings is moles of pure solvent.
Estimated Cost — Basis is kg/hr of CO; in CO,-rich product gas; assuming targets are met.

Flue Gas Assumptions — Unless noted, flue gas pressure, temperature, and composition leaving the flue gas
desulfurization (FGD) unit (wet basis) should be assumed as:

Pressure  Temperature

psia °F CO: H20 N2 (o)) Ar SOx NOx
14.7 135 13.17 17.25 66.44 2.34 0.80 42 74

Other Parameter Descriptions:

Chemical/Physical Solvent Mechanism — The reaction of PZ with CO; involves formation of the following four PZ
species:

U.S. DEPARTMENT OF ENERGY
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wl s HN NCOO
w - u
Protonated Piperazine Plperazine Carbamate
(PZH") /7 N\ (PzCOO)
HN NH
N4
Piperazine
*H:N NCOO' “00CN NCOO®
N4 N
Protonated Piperazine Carbamate Piperazine Dicarbamate
(H*PZCOO") (PZ(CO0),)

Figure 3: Molecular structure of piperazine species.

These reactions are as follows:

1. PZH* + HO « PZ + H30"

2. PZ+ CO; + H20 « PZCOO™ + H3O*

3. Hx0 + H*PZCOO" « H30* + PZCOO"

4. PZCOO" + CO; + H2O < PZ(COO"),; + H3O*

.
O
(V2]
-
O
O
<L
o
(@=
w
o
@)
Z
w
@)
Z
m
Z
_|
_|
m
0O
a[
Z
S
)
Q
3

A B c
1 Kl:% -11.91 -4,351 —
2 Kz:% -29.31 5,615 —
3 Ko =% -8.21 -5,286 -
4 _ XH30+%P7(c00-)2 -30.78 5,615 -

XPZCOO-XCO2XH20

This speciation and solubility model has been used to predict the partial pressure of CO, and mole fraction of species in
solution as a function of PZ loading; the results show a good match between the model and the experimental data.

Solvent Contaminant Resistance — 5 molal PZ is thermally stable at 150°C with negligible oxidative (Freeman, 2011)
degradation. The total amine loss is estimated to be 0.5% per week when stripping at 150°C. At 135°C, the estimated total
amine loss of PZ is 0.3% as compared to 3.0% in the case of an MEA solvent. PZ forms nitrosamines and other nitro
products with nitrogen dioxide (NO;). Both pilot-scale flue gas testing and bench-scale testing have confirmed that
nitrosamines decompose at temperatures of 150°C and greater. The main degradation products of PZ are formate (0.04
mM/hr) and ammonia (0.09 mM/hr) (Freeman, 2011).

Solvent Foaming Tendency — Pilot plant tests of PZ with two different sources of coal-fired flue gas and with air/CO;
have experienced no persistent problems with foaming. However, bench-scale experiments have shown the possibility
for PZ to foam under certain conditions (e.g., after undergoing oxidation degradation). In the bench-scale tests, foaming
of PZ was greatly reduced with use of an oxidation inhibitor or with use of 1 part per million (ppm) of silicone antifoam
(Chen, 2011).

NATIONAL ENERGY TECHNOLOGY LABORATORY
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DOE/NETL CARBON CAPTURE PROGRAM R&D

Flue Gas Pretreatment Requirements — Tests at UT's SRP plant were performed on synthetic flue gas composed of air
and CO,. NCCC tests were conducted on medium-sulfur bituminous coal flue gas cleaned by FGD. Commercial
applications would likely need sulfur oxides (SOx) to be removed to levels below 10 ppm.

Solvent Makeup Requirements — Including an estimate for additional amine lost in the reclaiming process, the required
makeup rate is estimated to be 0.76 kg of 30 wt% PZ per metric ton (MT) of CO; captured for PZ regenerated at 150°C.
The estimated makeup rate for 30 wt% MEA at 120°C is approximately 2.0 kg/MT CO..

Waste Streams Generated — The major amine solid/liquid waste streams come from reclaimer waste. There could be
fugitive liquid amine emissions, which can be controlled by incorporating seamless valves, rupture disks, closed-loop
ventilation systems, pumps with dual mechanical seals, minimum welds, and correct gasket material selection. Gas-phase
amine emissions from the absorber can be minimized by controlling aerosol formation and aerosol emissions from the
absorber. Gas-phase amine emissions from the stripper can be minimized by controlling temperature of the CO; outlet
gas and via operating conditions of the condenser.

Process Design Concept — Flowsheet/block flow diagram shown above in Figure 2.

Proposed Module Design — The design is based on the flue gas assumptions stated above.

technology advantages

As compared to conventional amine solvents, the advantages of PZ are:

e Faster CO; absorption rate, higher working capacity, higher thermal stability, and less oxidative degradation—all of
which point toward 10 to 20% less energy use.

o Lower capital costs due to reduced energy use, greater stripper pressure (reduced compressor size), and faster kinetics.

e Additional savings in cost of electricity (COE) may be achieved by optimization of absorber packing, flue gas pre-
treating, compressors, heat exchangers, and design improvements realized as part of this project.

R&D challenges

e Similar to other amines, PZ may absorb on aerosols in flue gas leading to poor amine collection in the water wash after
CO; absorption and thus high amine emissions. Aerosol formation needs to be managed.

e PZ reacts with dissolved or entrained oxygen (O,) at temperatures exceeding 150°C, potentially leading to greater than
expected solvent makeup, but still less than MEA.

e PZforms as a solid phase with water (PZ « 6H,0) and also with CO, (H+PZCOO- « H,0). Process robustness to excursions
in CO; loading, temperature, and water balance is being demonstrated by quantifying their effects on solids
precipitation and plant operation.

status

Testing was conducted on synthetic flue gas at the UT's SRP facility to investigate CO, capture with 5 and 8 molal PZ and
2SF and AFS regeneration designs. The testing showed that the AFS represents an optimized amine regeneration system
with superior energy performance and simple operability over the 2SF or a simple stripper, that 5 molal PZ provides an
economic and operability advantage over 8 molal, and that phase doppler interferometry can provide useful particle size
information on amine aerosol. An extended test campaign resulted in more than 2,000 hours of operation at 0.5-MW
scale on coal-fired flue gas at the NCCC to investigate CO, capture with 5 molal PZ and the AFS. The pilot plant testing
verified reliable long-term operation of the novel regeneration technology and solvent combination. Results were used
to evaluate the technical and economic feasibility of the full-scale implementation of this process.
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primary project goals

The University of Kentucky Center for Applied Energy Research (UKy-CAER)
team is developing a post-combustion carbon dioxide (COz2) capture technology
using advanced solvents and incorporating innovative heat integration methods to
utilize heat typically rejected to the environment via a two-stage solvent
regeneration configuration, thereby ultimately improving power plant efficiency.

UKy-CAER has prepared a pre-front-end engineering design (pre-FEED) study for
a 10-megawatt-electric (MWe) large pilot plant (FE0026497) based on the
technology demonstrated at the 0.7-MWe scale.

UKy-CAER is performing the design, construction, and operation of a 10-MWe
capture system based on the UKy-CAER heat-integrated transformational CO:
capture technology at a coal-fired power plant. Phase | has been completed and
consisted of: (1) selection of a host site for Phases Il and Ill; (2) creation of Aspen
Plus® model simulation; (3) completion of an environmental information volume
(EIV); and (4) determination of Phase Il team and cost-share commitments. Phase
Il efforts are underway, consisting of a detailed FEED study, National
Environmental Policy Act (NEPA) permitting and documentation, and Phase llI
cost-share commitments. If selected for Phase lll, the project will support
construction and operation of the large-scale pilot facility. The Fossil Fuel Large-
Scale Pilots effort supports the design, construction, and operation of large test
facilities for transformational CO2 capture technologies aimed at enabling step-
change improvements in coal-powered system performance, efficiency, and cost
of electricity (COE).

technical goals

Phase | objectives were to:

o Reinforce the formation of a cohesive project team covering technology
development; solvent development; environmental, health, and safety (EH&S);
engineering design, fabrication, and construction management; technology
commercialization; and end-user utilities.

e Select and secure a host site and carbon capture system location.

e Update heat and material balances with the most recent small-scale
experimental data and chemical composition to complete and improve
accuracy of an EIV and process design package for the proposed UKy-CAER
CO:2 capture technology, including the cost and schedule.

e Secure commitments from an engineering design firm, NEPA contractor,
technology partners, and vendors.

e Update preliminary costs and schedules for Phases Il and lll.
e Secure commitments for Phases Il and |l cost share.

NATIONAL ENERGY TECHNOLOGY LABORATORY
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Phase Il objectives are to:

Complete a FEED study for the proposed large-scale pilot, including a detailed cost and schedule estimate for Phase
[l for the installation of the 10-MWe pilot at the host site, followed by commissioning, start-up, testing, operations, and
data collection for performance validation.

Complete the NEPA process at the host site.

Submit permitting documentation to appropriate authorities and obtain the air permits for the steam generator and
carbon capture system units.

Document secured cost share for Phase llI.

Secure commitments for all necessary Phase lll team members, including an engineering, procurement, and
construction (EPC) vendor or equivalent to complete construction.

Update the techno-economic analysis (TEA) for the UKy-CAER technology integrated with a 550-MWe net
supercritical pulverized coal power plant based on the most recent system design and cost information.

technical content

UKy-CAER'’s four-pronged CO:2 capture approach that includes process intensification, two-stage solvent regeneration,
heat integration, and an advanced solvent has evolved over a series of projects in recent years. Currently, the proposed
capture process system incorporates several energy-saving and performance-increasing features, among which the most
notable are as follows:

A two-stage solvent regeneration configuration, consisting of a steam-driven, first-stage primary stripper removing
most of the COz, followed by a secondary stage designed as an air stripper powered by recovered heat from the
carbon capture system block, CO2 compressor intercoolers, and the primary stripper overhead stream. The two-
stage stripping reduces the carbon loading in the lean solvent to very low levels, and the exiting CO2-laden air is fed
into the boiler as secondary combustion air to boost CO2 concentration at the absorber inlet. The system integration
and heat recovery scheme has been demonstrated through experimentation and simulation. The secondary stripper
also provides direct cooling to the lean solution returning to the absorber, significantly reducing the duty of the
indirect-cooled lean solvent polishing exchanger; therefore, the additional capital cost of the second stripping column
is offset by heat exchanger and cooling tower savings. Another advantage of the two-stage solvent regeneration
scheme is that ion-free water carried by saturated air from the up-stream water evaporator is added to the solvent
loop in the secondary stripper, eliminating the complexity, equipment, chemicals, and power needed to produce de-
ionized water for amine loop makeup.

Applied process intensification technologies, including:

o Three discrete packing sections in the absorber with random packing included as in-situ gas-liquid distributors
at every 5 to 10 feet of structured packing for high volumetric effectiveness and less gas-liquid channel flow.

o Membrane CO:2 pre-concentration prior to the absorber inlet applied as needed to boost carbon loading in the
rich solvent. Outputs from membrane consist of retentate enriched in CO2 and permeate depleted in COs.
These two flue gas streams are introduced at different levels in the absorber column, with the lean stream
injected higher in the column where fresher solvent is present, and the rich stream injected farther down.

o A split rich feed to the primary stripper to reduce the reboiler steam requirement and decrease the water
content in the exit gas stream. The rich amine stream is split with a portion being heated to ~175 to 180°F
(solvent- and stripping-dependent), and fed to the top of the stripper packing, acting as a heat sink to condense
the water vapor and reduce the exit gas water (H20)/COz2 ratio. The remaining rich flow is further heated to
220 to 239°F past the vaporization point, and two-phase flow is fed to the middle of the stripper packing, acting
as a second source of carrier gas for COz2 stripping.

o Extracted steam exergy loss minimization through splitting of the feed water after the boiler feed water pump
into two streams. While the main portion of the feed water maintains the normal flow path, 20 to 25% of the
flow is heated to the same parameters as the boiler economizer in a split, last-stage feed water heater powered
by steam extracted for the carbon capture system reboiler.

o Solids incorporated in the absorber exit gas wash stream to minimize solvent entrainment and aerosols. By
adding particles (up to 2 wt%) within the water wash stream, the solvent emission at the exhaust of the solvent
recovery system is demonstrated to be less than the instrument detection limit.
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e Has been demonstrated with various advanced solvents at the bench- and pilot-scales. Notably, the commercial
Hitachi H3-1 and Carbon Clean Solutions, USA (CCSUS) CDRMax solvents have been under investigation and
have figured prominently in small-pilot testing. Corporate restructuring has resulted in H3-1 becoming commercially
unavailable, but CCSUS is partnering with UKy-CAER at the large-pilot scale. To balance the cost of commercial
solvents and the gain in performance benefits, the advisable approach to solvent development focuses on striking a
good balance of moderate solvent cost with CO2 absorption performance and kinetics, including, but not limited to,
cyclic capacity, solvent emissions, and degradation. This can be achieved by blending amines that are functionalized
to prevent the formation of nitrosamine, and using additives with catalytic kinetic function and inhibitors to reduce
solvent degradation and corrosion.

e Advanced process controls; UKy-CAER has developed two computing blocks, integrated with process control
software such as Emerson DeltaV, to determine the alkalinity and carbon loading of the solvent first by using
conventional instrumentation such as temperature and density signals, and then to manipulate the most effective
control variables, such as lean solution circulation rate, lean loading, and liquid/gas temperature, in prompt response
to external changes while ensuring minimum stream extraction is maintained.

Figure 1 depicts the general process arrangement of the UKy-CAER technology (most of these features are depicted
here).

CO, PRODUCT
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Figure 1: UKy-CAER carbon capture system process flow diagram.

Note: Black oval indicates the CO, pre-concentrating membrane unit investigated in FE0012926, which is not included in the large-pilot carbon
capture system.
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UKy-CAER’s Advanced Solvents

UKy-CAER solvent development focuses on low-cost, enhanced CO2 absorption kinetics; low emissions; and low
degradation, considering both chemical and physical properties and the interactions between amine components of
solvent blends and the additives. The overwhelming majority of research and development (R&D) in CO2 capture solvents
has focused on the amine chemistry, with little thought to the impact of additives on gas-liquid interface characterization.
Understanding the impact of additives on key solvent properties — including surface tension and elasticity, wettability, and
whether these impacts play a significant role in CO2 capture characteristics such as adsorption rate, degradation, and
aerosol formation — are an important focus of R&D in this context.

The UKy-CAER novel catalytic amine solvents utilize organometallic homogeneous catalyst chemistry to enhance CO:2
absorption kinetics. Mass transfer rate increases of 15 to 40% are possible by using a catalytic advanced amine solvent
over an uncatalyzed amine solvent, resulting in more efficient absorption of CO2, increased rich stream CO:2
concentration, and decreased absorber size requirements. Improved solvent thermal stability allows the solvent to be
used in the high-temperature stripper conditions utilized in this process. Additional improvements from the catalytic
solvent include increased cyclic capacity, reduced solvent loss and makeup requirements, and lower energy regeneration
demand.

UKy-CAER designates catalytic solvents currently under investigation with codes to maintain confidentiality, reflecting
permutations of proprietary commercial amine solvents (Solvent A, Solvent B, etc.). One of the solvents much
investigated of late is CAER-B3.

Discretized Packing in Absorber
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For any advanced solvent, the absorber temperature bulge typically occurs 10 to 15% from the top of a uniformly packed
section when operated under a low liquid/gas ratio. UKy-CAER bench experimental data has shown that with a discretized
packing arrangement, the temperature profile is modified, moving the bulge down the column and resulting in a 5 to 11%
increase in rich loading for the same heights of packing, depending on the solvent lean loading. With an ideal column
temperature profile, significant CO2 absorption rate improvements (2 to 4x) will result in a small absorber (25 to 50% size
reduction).

Pressurized Primary Stripper with Split Rich Solvent Feeds

UKy-CAER developed a rich solvent split configuration using the traditional lean/rich heat exchanger with one additional
warm rich solvent extraction port. During operation, up to 50% of the total rich flow is extracted at a temperature of
approximately 170°F (solvent- and stripping-dependent) and fed to the top of the stripper packing. This acts as a heat
sink to condense the water vapor and reduce the exit gas H20/COz2 ratio. The remaining rich flow is further heated past
the vaporization point and a two-phase flow, with 5 to 6% vapor concentration, enters the middle of stripper packing at a
temperature of 220 to 239°F depending on stripper pressure and solvent properties. The produced vapor acts as a second
source of carrier gas for COz2 stripping. Combined with solvent regeneration under pressure, UKy-CAER modelling results
indicate the H20/CO:z ratio in the stripper exhaust is significantly reduced from conventional 0.8 to 1.0, to 0.3 to 0.4 at 45
pounds per square inch (psi) stripper pressure, resulting in a steam consumption reduction of ~26%. This feature, in
combination with COz2 recycling, will result in a reboiler-specific energy of 950 British thermal units (Btu)/lb (2.2 gigajoules
[GJ]/tonne) CO:2 captured for advanced solvents.

CO: Pre-Concentrating Membrane

Experimental results show that using a CO2 pre-concentrating membrane to split the absorber gas feed into two streams
(the permeate stream, with an enriched CO2 concentration of 30 vol %, and the rejection stream, with a CO2 concentration
of ~10 vol %) yields a 30% energy savings compared to the conventional non-membrane configuration. Figure 2 shows
the membrane separator for enriching CO: in the flue gas, and an actual polymeric membrane unit produced by
Membrane Technology and Research (MTR), which was used in pilot-scale testing.
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Figure 2: MTR CO: pre-concentirating membrane, internals on left and housing on right.

Membrane-Based Dewatering of Rich Amine Solvent

Related bench-scale project work (FE0012926) has extended the technology to include a membrane dewatering unit
installed in the solvent rich stream. This feature is an integrated membrane concentrator unit intended to provide
dewatering of the CO2-rich amine solvent/solution exiting from the CO2 absorber, either before or after the lean/rich heat
exchanger. The membrane separator would selectively permeate water from the stream for recycle to the absorber
through a zeolite-based membrane, as shown in Figure 3, effectively concentrating the CO2-rich stream and increasing
the CO:2 partial pressure, which can further reduce process energy demand. This membrane should be designed to
maximize water permeability and carbon/amine rejection while maintaining stable performance over time. UKy-CAER
has investigated zeolites as the material of choice for this membrane. Currently, given the membrane surface area
required and the high cost of zeolite membranes, it is not practical to include it in process scenarios as envisioned.
However, through the use of lower-cost hollow fiber support materials and increasing the packing density of the active
membrane surface area up to >200 m2/m3, the economics of this enrichment process can be improved. In addition,
through modifications to the active membrane layer and the permeability of the support layer, water flux through the
membrane can be enhanced to further reduce the cost and implementation of this system in a CO2 capture process.

NATIONAL ENERGY TECHNOLOGY LABORATORY
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Figure 3: Solvent membrane dewatering for CO2 enrichment.

Findings from Slipstream Testing

Small pilot testing at 0.7 MWe has been performed at the Kentucky Utilities E.W. Brown Generating Station in
Harrodsburg, Kentucky, using a process configuration including much of the scheme depicted in Figure 1. Performance
of the capture system was baselined using a generic 30-wt% monoethanolamine (MEA) solvent to obtain data for direct
comparison with the National Energy Technology Laboratory (NETL) Reference Case 10 (RC10). Also, Hitachi’s
proprietary solvent H3-1, CCSUS’ proprietary solvent CDRMax, and the CAER blended solvent were tested. Parametric
test campaigns, system transient dynamic studies, and long-term continuous verification tests of the heat integration
process enabled characterization of the system response in terms of load-demand following, varying flue gas conditions,
and individual component operation. Evaluation of solvent degradation, process emissions, and corrosion studies of
materials in the circulating solvent were accomplished. See below, and also in the Other Parameters section following
Table 2 for findings in these areas. Data were collected to support a full techno-economic and EH&S analysis for a 550-
MW commercial-scale carbon capture plant.
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Notable findings are as follows:

e The process can easily capture 90% of COz: in flue gas using either MEA, H3-1, CDRMax, or CAER solvent as the
working capture solvent.

e MEA solvent regeneration energy was determined to be 1,200 to 1,750 Btu/lb CO2 captured, ~13% lower than RC10.

e H3-1 solvent regeneration energy was determined to be 900 to 1,600 Btu/lb CO: captured,~36% lower than RC10.
Overall, low-regeneration energies are possible over a range of solvent concentrations.

e CDRMax solvent regeneration energy was determined to be 1,150 to 1,400 Btu/lb CO:2 captured,~8 to 25% lower
than RC10.

e The secondary air stripper is capable of regenerating >10% of the CO: captured, as depicted in Figure 4. At the
commercial scale, the exhaust CO2-laden air (8 to 12 vol% COz, dry) will be recycled back to the boiler as combustion
secondary air, yielding a higher absorber inlet CO2 concentration (15 to 17 vol%), which has been observed to
always correspond to a low-solvent regeneration energy.

e A high rich carbon loading (2.3 to 2.4 mol/kg solution), corresponding to a low-solvent regeneration energy, can be
achieved with a pump around to the bottom section of the absorber packing with assistance of interstage cooling.
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Figure 4: UKy-CAER secondary air stripper CO2 regeneration.

e Varying ambient conditions have an impact on CO:2 capture, attributable to cooling water temperature variations that
impact the capture system process stream temperatures at any point where heat exchange with cooling water is
involved, including flue gas temperature, lean solvent return, and absorber interstage cooling.

e Adequate absorber liquid/gas distribution is required to maintain high absorber efficiency.

e Lean/rich exchanger performance is critical to the energy efficiency of the cycle: if the approach temperature in the
exchanger is not kept low, the efficiency suffers. This is depicted in Figure 5, showing that an increase in approach
temperature to 35°F from 20°F increases the solvent regeneration energy demand by about 400 Btu/lb COx.
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Figure 5: Effect of lean/rich heat exchanger approach temperature on solvent regeneration energy demand.
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e Use of deionized water for makeup is not necessary in the UKy-CAER two-stage stripping technology when
scrubbing coal combustion flue gases, helping to reduce the cost and complexity of constructing and operating CO:>
capture systems. The measured accumulation of chloride from the service water and heat-stable salt (HSS)
contaminants from coal flue gas is depicted in Figure 6. While elemental accumulation in the solvent still needs to
be monitored, this shows that the majority of accumulating contaminants originate in the coal flue gas, not the service
water source. Because accumulating species can cause various deleterious impacts, including solvent degradation
and loss of absorption performance, corrosion of materials in the process circuit, etc., this is an area to continue
investigating in future technology scale-up.
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Figure é: Accumulation of contaminants in solvent.

e Process emissions in the scrubbed flue gas from solvent degradation (as ammonia) were found to be related to
increasing iron content in the solvent from corrosion, as depicted in Figure 7. Corrosion and solvent degradation can
be controlled by adding a proprietary multi-functional additive to the solvent. Figure 8 shows that when the multi-
functional additive concentration in the solvent is above the operating level of 100 parts per million (ppm), the
ammonia emissions are low, but when the additive is depleted, solvent degradation and ammonia emissions
increase.
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Techno-Economic Analysis Findings

The preliminary TEA conducted and experimentally validated under FE0007395 shows that application of the improved
process cycle (with MEA as the solvent) would reduce the COE by about 8% over the conventional 90% capture case,
and that use of H3-1 in the improved process cycle would reduce COE 12%. The TEA was updated to include discretized
packing for absorber temperature control, a solids-incorporated solvent recovery system, split rich primary stripper feeds
to reduce H20/CO: ratio in the stripper outlet, and de-superheating the carbon capture and storage (CCS) extracted
steam with a feed water heater. In this case, the overall reduction in COE is 19%. Figure 9 shows that the cost of CO2
capture (excluding transportation, storage, and monitoring) is reduced from $56.52 to $34.51 per tonne of CO2 captured,
a reduction of 38.9% with coal being the sole energy source. The cost of CO2 capture could be further reduced to $25.26
per tonne of CO2 captured when all auxiliary electricty and steam required for the carbon capture system are from natural
gas-fuel by taking advantage of the low capital cost of natural gas combined electricity and heat unit.
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Figure 9: Cost of CO2 capture estimates from techno-economic analysis.

However, additional cost reductions will be necessary to attain ultimate U.S. Department of Energy (DOE) program
targets. For this, UKy-CAER estimates that a combination of a further-improved third-generation solvent will be critical,
combined with absorption enhancement technologies via optimal absorber temperature profile and gas-liquid interface
mixing. To illustrate the issue, the current second-generation solvents are simply too expensive compared to conventional
MEA, as shown in Table 1 (Solvent B is 10 times the cost of MEA on a unit basis). In these cases with solvents A and B
being commercially available, the energy savings are less than the additional solvent makeup cost.

30 wt% MEA|Solvent A|Solvent B

Make-up Rate (kg/ton CO,) 1.5 0.5 0.5

Energy Consumption Compared to 30 wt% MEA 30% less | 40% less

Unit Cost ($/kg) 1.5 9 15

Solvent Cost ($/tonne CO, Captured) 2.25 4.5 7.5

COE ($/MWh) 106.5 93.3 91.2
Molecular Weight mol-! <90 <90
Normal Boiling Point °C 160-165 160-220
Normal Freezing Point °C -2 -2-5
Vapor Pressure @ 15°C bar 6.3x10+ 6.3x104-6.3x10-
Manufacturing Cost for Solvent $/kg 4—6 (estimated) 3-5
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Concentration kalkg <0.4 <0.45
Specific Gravity (15°C/15°C) - 1.01 1.01
Specific Heat Capacity @ STP kJ/kg-K 3.7 3.7
Viscosity @ STP cP 3.04 3.5
Surface Tension @ STP dyn/cm <55 <55
Pressure bar 1 1
Temperature °C 40 40
Equilibrium CO2 Loading mol/mol 0.42 0.51-0.65
Heat of Absorption kd/mol COz 74 <60
Solution Viscosity cP 4.88 8-10
Pressure bar 3.1 3.0
Temperature °C 125 120
Equilibrium CO; Loading mol/mol 0.23 0.30
Heat of Desorption kd/mol CO2 84 <75
Flue Gas Flowrate @ 10 MWe equivalent kg/hr 43,000
CO:2 Recovery, Purity, and Stripper Pressure %/ %/bar 90 99.9 3.0
Absorber Pressure Drop bar <0.1-0.15
Estimated Absorber/Stripper Cost of $ ~200
Manufacturing and Installation ka/hr

Definitions:

STP — Standard temperature and pressure (15°C, 1 atmosphere [atm]).

Pure Solvent — Chemical agent(s), working alone or as a component of a working solution, responsible for enhanced
COz2 absorption (e.g., MEA in an aqueous solution).

Manufacturing Cost for Solvent — “Current” is market price of chemical, if applicable; “Target” is estimated
manufacturing cost for new solvents, or the estimated cost of bulk manufacturing for existing solvents.

Working Solution — The solute-free (i.e., CO2-free) liquid solution used as the working solvent in the
absorption/desorption process (e.g., the liquid mixture of MEA and water).

Surface Tension — The tension of the surface film of a liquid caused by the attraction of the particles in the surface layer
by the bulk of the liquid, which tends to minimize surface area. This is measured in force per unit length (dyn/cm).

Absorption — The conditions of interest for absorption are those that prevail at maximum solvent loading, which typically
occurs at the bottom of the absorption column. These may be assumed to be 1 atm total flue-gas pressure (corresponding
to a COz2 partial pressure of 0.13 bar) and 40°C; however, measured data at other conditions are preferable to estimated
data.

Desorption — The conditions of interest for desorption are those that prevail at minimum solvent loading, which typically
occurs at the bottom of the desorption column. Operating pressure and temperature for the desorber/stripper are process-
dependent (e.g., an MEA-based absorption system has a typical CO: partial pressure of 1.8 bar and a reboiler
temperature of 120°C). Measured data at other conditions are preferable to estimated data.

Pressure — The pressure of COz in equilibrium with the solution. If the vapor phase is pure COz, this is the total pressure;
if it is a mixture of gases, this is the partial pressure of CO2. Note that for a typical pulverized coal power plant, the total
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pressure of the flue gas is about 1 atm and the concentration of COz is about 13.2%. Therefore, the partial pressure of
COz2 is roughly 0.132 atm or 0.130 bar.

Concentration — Mass fraction of pure solvent in working solution.
Loading — The basis for CO2 loadings is moles of pure solvent.
Estimated Cost — Basis is kg/hr of CO2 in CO2-rich product gas; assuming targets are met.

Flue Gas Assumptions — Unless noted otherwise, flue gas pressure, temperature, and composition leaving the flue
gas desulfurization (FGD; wet basis) should be assumed as:

Pressure  Temperature
psia °F CO: H20 N2 02 Ar SOx NOx
14.7 135 13.17 17.25 66.44 2.34 0.80 42 74

Other Parameter Descriptions:

Chemical/Physical Solvent Mechanism — The absorption reactions for any amine-based system can be broken into
two primary reactions, as depicted in Figure 10. The absorption of CO: is primarily dictated by the reactions of primary
amine (SC) to form carbamates. The reaction second order rate constant for these species can vary, but is generally on
the order of (103 I/mol-s), with similar rate constants observed for CAER-B3. The SC reaction generates a mole of proton
for each mole of COz capture, leading to primary amines being generally limited on a molar basis to 0.5 CO2:1N. The
CAER-B3 amine solvent utilizes a primary amine as the main component. Additionally, another minor component is
added to the solvent to principally act as a proton receiver (PC) in the solution to balance the bicarbonate formation. The
pKa of this proton receiver is higher (more basic) than that of the main component. The reaction from the proton receiver
to directly form bicarbonate is much slower (100x). It is expected to function similarly to those enzymes in directly
catalyzing the reaction of dissolved CO: in solution to form bicarbonate. A third reaction to form bicarbonate directly from
hydroxide present in solution can generally be excluded from consideration despite the fast rate constant (104 I/mol-s)
because hydroxide concentration is limited by the base dissociation constant in typical amine solutions (<1 x 10-4).
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Absorber
SC1 + CO,—-SC1-CO0 + H*
SC2 +H,0 + CO, — SC2-HCO5 + H*

COO" (Majority)

HCOs (Minor)

Primary Stripper

Secondary Stripper @— SC2-HCO5 +H'—5C2 + H,0 +CO,
SC1-COO +H* --SC1 + CO, SC1-COO + H' — SC1 + CO,

In the illustration:
SC1 —The constituents of primary and secondary amines in the solvent
SC2 — The constituents of tertiary and hindered amines in the solvent

Figure 10: Schematic for reactions occurring in the CO2 capture cycle.

Solvent Contaminant Resistance — The CAER-B3 solvent shows behavior analogous to MEA towards oxidation and
flue gas components. Similar levels or less of oxidation and degradation due to flue gas components are anticipated.

Solvent Foaming Tendency — The addition of anti-foam to solvent can help control foaming tendencies by lowering the
solvent surface tension. Any new solvent additive will need to be evaluated for its foaming potential and any that may
increase foaming tendency should be avoided. The CAER-B3 solvent has very low foaming tendencies (less than 30%
MEA) due to a low surface tension of <40 dyn/cm.

Flue Gas Pretreatment Requirements — At the UKy-CAER bench-scale CO: capture facility, flue gas from the boiler
goes through a solid separator where particulate matter is initially removed before being treated in a wet desulfurization
process to lower sulfur dioxide (SO2) concentration typically below 100 ppm using conventional limestone-based wet flue
gas desulfurization (WFGD). After SO2 removal, the flue gas goes through a knock-out drum for final particulate and
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liquid droplet removal before it is sent to the CO2 capture unit. In practice, power generation flue gas exiting from existing
environmental controls is further polished to below 10 ppm SO:2 through an additional pretreatment step to slow the
accumulation of sulfate in the solvent. Sulfate is an HSS, meaning it cannot be thermally removed from the solvent. Its
accumulation will slowly reduce the CO2 capture capacity of the solvent.

Solvent Makeup Requirements — Long-term stability is an ever-present concern of all solvent developers. The CAER
solvent is composed of amines that are inherently more stable than MEA and has a higher thermal stability than MEA.
As seen in Figure 11, a 50 to 70% decrease in rate-of-amine loss as a percent of initial is observed at the high
temperatures associated with stripper conditions over a two-week period. Regression of the data compared to reference
MEA predicts a thermal degradation rate similar to MEA at a 10°C higher stripper operating temperature. It is expected
that the makeup requirements will be similar to that of MEA under the proposed process conditions of a higher stripper
temperature/pressure.
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Figure 11: Rate of amine loss as total percent amine under stripper conditions of 30 wi% MEA (blue) and various combinations of CAER-
B3.

Waste Streams Generated — The waste streams generated from the process are the spent soda ash solution and CAER-
B3 solvent, used for SO2 removal and the absorption of CO2, respectively. The loss of performance and how quickly the
solvent is spent is impacted by the rate of degradation and HSS formation in the solvent. In practice, the solvent will be
treated in a thermal reclaimer to remove HSSs and metal species, which will also produce a waste that is likely hazardous
in nature.

Process Design Concept — The process flow is shown in Figure 1. In brief, the SO2-polished flue gas (from the
pretreatment tower) enters the CO2 pre-concentrating membrane to produce two streams that are injected into the COz2
absorber at separate locations. After gaseous CO: is converted into aqueous carbon species, the carbon-rich solution
exits the absorber bottom, is pressurized, and sent to the rich-lean solution heat exchanger (Crossover HXER) with split
rich outlets to primary stripper or the hot rich stream from lean/rich heat exchanger entering to the dewatering membrane
unit for solution pre-concentration, which is not shown in Figure 1. The permeate stream of the dewatering membrane
unit with low amine concentration combines with the regenerated lean solution stream exiting at the outlet of the stripper.
The reject stream, which has higher carbon loading than the feed stream, is sent to the middle of pressurized stripper for
solvent regeneration. This stage will require an energy source to drive the reboiler. At the stripper exit, the gas stream
consists primarily of CO2 and water vapor at a pressure of approximately 3 bar. After exiting the heat recovery unit at the
top of stripper, the CO2 gas stream has a purity of 99.9% and will be pressurized to about 135 bar and intercooled for
downstream utilization or storage. The carbon-lean solution exiting the primary stripper is sent to the Crossover EHX,
where heat will be recovered with the carbon-rich solution. After the Crossover EHX, this heat depleted stream will be
cooled to approximately 40°C and recycled to the absorber.

technology advantages

e The two-stage stripping unit, including the deployment of an air-based secondary stripper, will regenerate an
exceptionally COz-lean solvent, increasing the rate of CO2 absorption and solvent cyclic capacity, will eliminate the
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need for deionized water for amine loop makeup, and will provide a direct cooling effect on lean solvent prior to
returning to the absorber.

Low capital cost resulting from a discretized packing arrangement and in-situ gas-liquid distribution to minimize the
liquid maldistribution.

High system efficiency resulting from carbon capture system internal heat integration, rich solvent split to the primary
stripper, and de-superheating extracted steam by splitting the feed water.

The solvent recovery column, at the outlet of the gas stream leaving the CO2 absorber, with solid particle assistance
to minimize the solvent emissions, minimizing solvent makeup requirements.

The advanced solvent used in this system has: (1) a higher mass-transfer flux; (2) a higher net cyclic carbon capacity;
(3) less energy demand for CO: stripping; and (4) lower corrosion rates than a 30 wt% MEA solution, leading to
lower capital and operational costs.

The advanced solvent also has a 15 to 20% lower degradation rate compared to 30 wt% MEA, leading to lower
solvent makeup volume.

Potential for reduced capital cost for post-combustion CO2 capture, chiefly through increased absorption kinetics
that allow for a smaller absorber and regeneration columns coupled with a lower solvent circulation rate and smaller
associated equipment (blowers, pumps, and piping systems).
Potential for reduced energy consumption compared to conventional MEA-based scrubbing, chiefly attributable to:
o High cyclic capacity.
o High stripper pressure: the primary CO: stripper can be operated at approximately 3 bar in order to maximize
the energy benefit while minimizing system capital and solvent degradation, which could lead to low
compressor capital and operating costs.

o Heat integration to power air-based secondary stripper.

R&D challenges

To achieve the targets set forth by DOE/NETL, several R&D challenges remain to be met.

Due to the low CO2 absorption driving force in utility flue gas and the highly viscous nature of second-generation +
solvents, the low-pressure drop structured packing suffers from a lack of macro-mixing/turbulence between the bulk
solvent and the gas-liquid interface, which results in localized channel flow and significantly reduces column
effectiveness. The application of short sections (3 to 6 inches) of high-pressure drop random packing could re-adjust
the pressure and redistribute the liquid within a section of structured packing.

Two-stage solvent regeneration has been successfully demonstrated at the small pilot scale, but intensification in
the absorber and strippers can be applied to reduce the column height and steam requirement.

The UKy-CAER solvent recovery from the absorber exit gas stream has been demonstrated at lab, bench, and pilot
scale.

Use of a CO2 pre-concentrating membrane in the absorber flue gas feed has been demonstrated at bench scale,
and been tested at the pilot scale.

Implementation of a smart process control scheme needs to be demonstrated to reduce the solvent regeneration
energy while also responding quickly to the dynamic load and ambient conditions.

Waste minimization techniques need to be demonstrated at the large pilot scale. Accumulation of elements such as
selenium (Se) and arsenic (As) in the CO2 capture solvent can result in a hazardous classification of the material.

The relationship between thermal compression and lean/rich heat exchanger size needs to be understood and
included when reporting solvent and process performance. It is generally accepted that the stripper is equilibrium-
controlled, and in-situ thermal compression via high-temperature operation will drop the H20/CO: ratio at the stripper
outlet, lowering the specific reboiler duty. The 0.7-MWe small pilot experimental data indicate this holds true only for
systems with a relatively large lean/rich heat exchanger (low AT between hot lean from stripper and hot rich to
stripper).

Long-term, low-cost advanced solvent performance needs to be demonstrated. While several solvents are currently
in use at the commercial scale, they are costly, and improved performance may not justify this cost.

Lower-cost corrosion-resistant materials of construction need to be demonstrated. In general, most amine solvents
have the tendency to corrode metal surfaces, especially in high carbon loading and/or high temperature locations.
Sections of the CCS that are specifically impacted are the absorber bottom, lean/rich heat exchanger, and the top
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of the stripper. Currently, most CCS systems deployed in the utility environment use stainless steel for locations
where wetted surfaces are expected, while some are using concrete with a plastic/polymer or ceramic liner for the
COz2 absorber, which results in a higher capital investment.

status

Small pilot-scale (0.7-MWe) testing results and identification of process improvements have shown the promise of UKy-
CAER'’s process-intensified and heat-integrated post-combustion CO2 capture technology to attain DOE program goals.
Additional advancement to meet ultimate performance and cost goals will rely on identification of a third-generation
advanced solvent that can be produced at reasonable cost, and subsequent large-pilot demonstration at the proposed
10-MWe plant scale.

UKy-CAER is designing a pilot-scale (10-MWe) post-combustion carbon capture system for installation at the Wyoming
Integrated Test Center (ITC). The ITC is located at Basic Electric Power Cooperative’s Dry Fork Station near Gillette,
Wyoming, wherein flue gas from the plant is diverted to the testing facility. In Phase |, Wyoming ITC coal-fired power
plant in Gillette, Wyoming, was selected as the host site for the large capture pilot and cost-share commitments were
finalized. Preliminary engineering and cost estimates were prepared for the equipment inside the battery limit (ISBL) and
outside the battery limit (OSBL). A NEPA contractor was also selected as part of the Phase | effort. A plan was developed
for securing cost-share commitments for Phase Ill. Phase |l efforts are underway and will conclude with completion of a
FEED study, NEPA process, permitting documentation, and team member commitments.
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primary project goals

The University of Notre Dame, in collaboration with Lawrence Livermore National
Laboratory (LLNL) and colleagues at the University of Texas, has been developing
technology for hybrid encapsulated ionic liquid (IL) and phase-change ionic liquid
(PCIL) materials for post-combustion carbon dioxide (CO2) capture. Although ILs
have many favorable properties as COz-absorbing solvents, their typically high
viscosities directly correlate with poor mass transfer rates and prohibit their
practicable application in large-scale commercial operation when configured in
conventional absorption/regeneration systems. Researchers’ work in identifying
ILs and PCILs with high capacity and low regeneration energy that, when
combined with their technology for microencapsulation of the ILs or PCILs in
polymer shells, may enable synthesis of high surface area IL- and PCIL-based
materials well-suited for CO2 capture from post-combustion flue gas. The goal of
the project is successful synthesis of the microencapsulated ILs and/or PCILs and
validated CO2 removal from simulated flue gas in a laboratory-scale unit, with
demonstration of dramatically improved mass transfer rates.

technical goals

e Encapsulated ILs/PCILs structural integrity: microcapsules in fluidized beds
able to contain the ILs without leaking.

e Uptake of CO:2 by encapsulated ILs/PCILs: greater than 50% CO: absorption
from a humid nitrogen (N2)-CO2 gas mixture in laboratory-scale testing.

¢ Durability/recyclability of the encapsulated ILs/PCILs: less than 20% decline in
absorption capacity of COz2 after five cycles in humid N2-COz gas mixture.

¢ Solvent regeneration: at least 80% of the absorbed CO2 removed by hot vapor
(steam) without significant damage to the particles.

e Substantial technology progress towards a capture system enabling 90% CO2
capture with 95% CO: purity at a cost of electricity 30% less than baseline
aqueous amine technologies.

technical content

Conventional solvent-based carbon capture methods typically employ amines
such as monoethanolamine (MEA) as the capture solvent. However, amines are
corrosive, degrade over time, and have relatively high vapor pressures, making
their leakage into the environment more likely. ILs are a class of ionic salts tending
to have large nitrogen or phosphorous-bearing cations with alkyl chain
substituents. ILs are anhydrous, liquid at ambient temperatures, have low vapor
pressures, are thermally stable and relatively non-corrosive, and certain ILs have
a considerable affinity for absorption of CO2 and selectivity towards CO: in gas
mixtures. For example, the hexafluorophosphate (PFe-) and tetrafluoroborate
(BF4-) anions have been shown to be amenable to CO2 capture.

ILs might be used in a similar process to amine gas treating to effect carbon
capture from flue gas, where the flue gas is contacted with the solvent in an
absorption column, and the rich solvent is regenerated in a stripper column at
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higher temperature through use of steam heating. ILs consistently show CO2 absorption behavior of decreasing solubility
with increasing temperature, enabling conventional temperature swing absorption cycling. Because they have increasing
CO:2 solubility with increasing pressure, ILs could also be stripped using pressure swing or swept with inert gases, possibly
reducing the process energy requirement.

A current issue with ILs for carbon capture is that they have a lower working capacity than amines. Another pressing
concern with their use is their high viscosity compared with that of commercial solvents. ILs that employ chemisorption
depend on a chemical reaction between solute and solvent for CO2 separation. The rate of this reaction is dependent on
the diffusivity of CO2 in the solvent and is thus inversely proportional to viscosity. The self-diffusivity of CO2 in ILs is
generally on the order of 1071 m?/s, approximately an order of magnitude less than similarly performing commercial
solvents used for CO2 capture. This represents a problematic mass transfer barrier for ILs and overcoming it would
constitute a significant advance in IL-based carbon capture technology.

However, encapsulating ILs/PCILs in small spherical shells and suspending these in a low-viscosity medium would create
a high-surface area IL/PCIL-based material into which CO2 could much more easily diffuse and react, potentially
overcoming the mass transfer barriers caused by the inherently high viscosities of the stand-alone ILs/PCILs. Therefore,
the technologic development approach being explored here involves combining IL and PCIL materials having high CO:
absorption capacity and low regeneration energy, and microencapsulation of these in polymer shells, with significant
potential for resulting in high surface area materials to be very well-suited for CO2 capture from post-combustion flue gas.

Selection of Suitable ILs and PCILs
Strongly performing ILs and PCILs would have several favorable properties/characteristics, such as:

e Chemical complexation strong enough to increase capacity and to decrease required IL circulation rates.
e Chemical complexation weak enough to keep regeneration energies (and temperatures) down.
¢ High equimolar absorption capacity: value of 1 mol CO2/mol IL at absorption conditions is favorable.

¢ No viscosity increases of the IL upon reaction with CO2. Such increases occur because of the formation of hydrogen
bonding networks.

It has been observed that ILs containing aprotic heterocyclic anions are favorable on these points. They enable relatively
high absorption capacity. It is possible to tailor/tune heat of reaction of these ILs, guided by experience and previous
density functional theory, in order to enable an optimal chemical complexation strength (this happens to be between
about -45 and -60 kJ/mole enthalpy of reaction with COz). Also, they retain amine in the ring structure, and further
reduction of free hydrogens to reduce hydrogen bonding is possible, avoiding the viscosity increase problem. Figure 1
depicts some types of these aprotic heterocyclic anions.

pyrrolides imidazolides
- @
N - N
L /
pyrazolides triazolides

o
e N\
| y JE/N

Figure 1: Several types of aprotic heterocyclic anions.

The researchers have evaluated a number of possibilities for ILs and PCILs prepared by LLNL, and settled on one IL and
one PCIL for continued development in this technology. The IL (NDIL0230) is triethyl(octyl)phosphonium 2-cyanopyrrolide
([P2228][2CNPyr]), and the PCIL (NDIL0309) is tetraethylphosphonium benzimidazolide ([P2222][Bnim]), which was
developed in an Advanced Research Projects Agency-Energy (ARPA-E) project. The PCIL will undergo a phase change
to and from liquid and solid at the varying temperatures it experiences during regeneration and absorption. This is
expected to confer certain energy efficiency advantages as discussed below in process implementation.
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Microencapsulation

The central innovation of this developmental technology involves encapsulating ILs and PCILs in thin CO2-permeable
polymeric shells to produce particles of approximately 100 to 600 um in diameter. It is thought that this approach will
create a high volumetric surface area material that can put ILs within easy diffusion range of CO2-containing flue gas in
a fluidized-bed or moving-bed absorber in a post-combustion CO:2 capture cycle. This idea is depicted in Figure 2. The
typical tower packing in amine absorption columns is either structured packing or random packing fill, which in either case
establishes a surface area for liquid-gas contacting in the range of hundreds of m?2 surface per m3 of column volume.
However, note the microcapsules would generally establish surface areas near or above 10,000 m?2 per ms.
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Figure 2: Surface area benefit of microencapsulation.

The technology for creating polymer-shell-encased IL microcapsules is now well established by LLNL. The microcapsules
are produced in a microfluidic device where the solvent and uncured shell material are flowed together in a third, inert
carrier fluid through a junction to create double emulsions — drops of solvent inside drops of shell material precursor,
suspended in the carrier fluid. The apparatus is diagrammed in Figure 3. The shell material is subsequently cured by
exposure to ultraviolet (UV) light. In project work, capsules are produced in single-junction devices assembled from glass
capillaries, but the process can be parallelized for large-scale production.
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Figure 3: Diagram of the capsule production apparatus (Inner Fluid is the IL; Middle Fluid is the shell material precursor; and Outer Fluid is
an aqueous, inert, carrier solution).
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The polymer shell of the microcapsules must satisfy several conditions, including ability to reliably contain the IL contents
and maintain general physical stability, provide negligible diffusion resistance to COz2, and to not adversely affect the IL
absorption reaction. Initially, issues were experienced with incompatibility of the ILs with the polymer material forming the
polymer shell, but these have since been overcome. LLNL settled on their in-house developed and refined Thiolene-Q
shell material formulation for NDILO309, given its chemical compatibility and for which an alternative crosslinker for
improved microcapsule production and in-air production was found. Figure 4 depicts this formulation. For NDIL0230, a
different polymer SiTRIS was found to be compatible; Figure 5 is a magnified image of the microcapsules that have been
successfully fabricated using these combinations.

ET'B gﬂe Psﬂe Ee irgacure 651 - Ee r;i"_e
i g + i - i fie
R 0 .o 0 UV- 365 nm 1 "0 0
Me "] o Me ] L " Me ] H\
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SMS-022, m=23wt%  VDT-127, m=0.8-1.2 wt% UV-Cured
Cross-linked Silicone M
\ ¥ J (microcapsule shell material) | '}'©
Si.. Sio
commercially avaiable from Gelest, Inc. r\:ﬂe 0 r:ﬂe 0
n

Figure 4: Thiolene-Q shell material.
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Figure 5: Successful microcapsules: A: NDIL0231/water-in-SiTRIS; B: NDIL0230/water-in-SiTRIS; C: NDILO309/water-in-Thiolene-Silica; D:
NDIL0309/water-in-Thiolene-Q.

Testing of the encapsulated ILs/PCILs in simulated flue gas showed the following:

o Effects of impurities: the IL and PCIL under consideration both react irreversibly with sulfur dioxide (SO2) and nitrogen
oxides (NOx), whether free or encapsulated. Accordingly, CO2 capture with these would need to follow the flue gas
desulfurization (FGD) and NOx reduction units in the flue gas cleanup system.

e Reaction of water with the IL or PCIL in the presence of CO:z is completely reversible and recyclable. Therefore,
water does not need to be excluded from the cores of the microcapsules. This is greatly advantageous given the
inevitable presence of water vapor in flue gas.

PCIL Process Implementation

Process advantages result from the inherent characteristics of PCILs in temperature swing absorption cycles, as depicted
in Figure 6. In the absorption column on the left, a PCIL slurry containing encapsulated PCILs at low temperature (at
which the PCILs are in the solid phase) is contacted counter-currently with CO2-containing flue gas passing up the
column. The PCIL reacts exothermically with COz, creating heat that is absorbed by the PCIL particles, causing them to
melt. The PCIL-CO:z liquid leaving the column is sprayed into a dryer shown on the right, which serves as the regenerator
in this process cycle. The PCIL is heated in the dryer, causing it to release COz: in relatively pure gaseous form, which is
withdrawn and compressed for transport or storage. The heat duty of the stripper is reduced somewhat by the heat of
fusion of the PCIL as it goes from liquid to solid phase. Also, the cooling duty of the PCILs on the absorption side is
reduced by the phase change from solid to liquid phase.
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Figure 6: CO: capture cycling with phase-change material.

The result of this is that the overall heat duties on either side of the process cycle are moderated somewhat by the phase
changes occurring. This is more clearly depicted in Figure 7, which accounts how the phase changes of the PCILs reduce
the total molar heat duty on either side by 20 kJ/mol. Instead of needing to supply the entire 50 kJ/mol by external heating
of the dryer/regenerator, only the net amount of 30 kJ/mol needs to be supplied; the other 20 kd/mol being contributed
by the PCIL phase-changes. This should lessen the parasitic energy demand for operating the process relative to a non-
phase-change scenario.

Absorber

Regenerator

I Remove
50 kd/mol
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Q, e = Remove 30 kJ/mol Q,.: = Add 30 kJ/mol

Figure 7: Heat duties for CO2 capture with PCILs.

Project Summary Findings

Small quantities (~1 g) of microcapsules with good integrity of both the IL and the PCIL have been successfully produced.
The CO:2 uptake by these capsules is the same as for the free IL and PCIL and the capacity of the capsules decreases
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only slightly after five absorption and desorption cycles. Over five cycles of absorption and regeneration, the CO2 capacity
has been consistently measured at 0.64 to 0.68 moles CO2/mol PCIL.

Large samples (~70 g and 100 g) of encapsulated PCIL were produced in a parallel microfluidic device and in an in-air
device, respectively. These capsules have been tested in a laboratory-scale unit (LSU) at 3.3 liters per minute simulated
flue gas flow rate to demonstrate uptake capacity in a fluidized bed. The LSU also allowed determination of recyclability
and mass transfer coefficients. Equivalent experiments with the IL were not possible due to difficulties with producing
large samples of the encapsulated IL. This IL encapsulation “scale-up” problem was not solved during the course of the
project. Nonetheless, testing of the PCIL microcapsules verified that the mass transfer is internally controlled. In concert
with a new rate-based model of a microcapsule fluidized-bed absorber, it was found that productivity is increased by a
factor of 4.75 in the microcapsule fluidized-bed absorber compared to a conventional liquid-gas packed-bed absorber.

An initial techno-economic model (assuming a process design as depicted in Figure 8) shows that the capital cost for the
microcapsule IL continuous fluidized-bed process is similar to that of an aqueous amine process (specifically, the
Econamine FG Plus technology). However, the stripping heat requirements are about 35% less for the model IL
microcapsule case compared to the MEA case. Thus, encapsulated ILs/PCILs in a continuous fluidized-bed absorber for
post-combustion CO2 capture are a significant improvement over the free IL/PCIL case and represent a major reduction
in the parasitic energy requirements compared to an aqueous amine process.
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Figure 8: Process flow diagram for CO2 capture in a full-scale plant using PCILs.

technology advantages

e The encapsulation of ILs and PCILs in micrometer-sized shells is projected to increase the mass transfer area by an
order of magnitude or more.

¢ Significant reduction of the capital costs of the absorber and regenerator in CO2 capture systems.
e Lowered energy demands to operate absorption/regeneration cycle with the encapsulated solvents.
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R&D challenges

¢ IL absorption capacities decrease with lower partial pressures of CO2, and CO2 concentration in flue gas is low at only
about 0.15 bar.

¢ Viscosities of ILs generally increase upon reaction with COz2, occurring because of the formation of hydrogen bonding
networks.

¢ ILs tend to degrade strongly in the presence of typical flue gas contaminants, such SO2 and SOx.

e Encapsulation of ILs in polymer shells: getting sufficiently high loadings of the IL/PCIL in the shells, possible
compatibility issues or unfavorable effects of the IL and polymer material on each other, and viscosity and surface
tension issues in microencapsulation.

¢ Solids handling issues that arise from encapsulating liquids in shells, essentially turning a liquid into a finely granular
solid material, and the necessity of reliably circulating this material around a complicated absorption-regeneration
cycle.

e The shells themselves must withstand damage and reliably contain the ILs; leakage of the IL/PCIL if shell polymeric
cross-linking is insufficient.

status

The project has been completed.
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Pilot-Scale

Direct Air Capture from Dilute
CO2 Sources

orimary project goals Carbon Engineering Ltd.

Carbon Engineering Ltd. is developing advancements for their Direct Air Capture

o . FE0026861
(DAC) technology to capture carbon dioxide (CO;) from dilute CO;, sources,
including evaluating DAC for other coal-relevant sources, such as post-carbon
capture and storage (CCS) flue gas, and to re-capture legacy atmospheric coal- N/A

based emissions. The DAC process uses a wet scrubbing air contactor, along with
chemical processing steps, to produce pure CO; and remake the capture solution.
The project will focus on applied research and development (R&D) at their pilot

Iy . . . L , Andrew Jones
facility, along with a commercial readiness and cost-estimation evaluation. andrew jones@netl.doe.gov
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technical goals
Jenny McCahill

Carbon Engineering Ltd.

e Use Carbon Engineering'’s existing research pilot facility to perform component imecahil@carbonengineering.com

testing, sensitivity analysis, and sub-system optimization of the DAC
technology.

e Conduct performance analysis and technology optimization based on N/A
laboratory, simulated, and pilot operations.

e Develop key engineering inputs for scale-up of DAC technology.

e Perform a techno-economic assessment (TEA) and applicability to coal stream 09.19.2016

study.

, 100%
technical content

Carbon Engineering Ltd. has been developing this dilute-source CO, capture
technology since 2009 to scrub CO, from atmospheric air present at
concentrations of 400 parts per million (ppm). This project is aimed to further
advance this DAC technology for atmospheric CO, concentrations, as well as
evaluating the system'’s performance as applied to other coal-relevant dilute CO;
sources, including post-CCS flue gas and re-capturing legacy atmospheric coal-
based emissions.

The DAC process, shown in Figure 1, is based on the use of a wet scrubbing air
contactor followed by several chemical processing steps. The chemistry of the
process is shown in Figure 2. The aqueous potassium hydroxide (KOH) used in the
air contactor is converted into aqueous potassium carbonate (K,COsz) when
reacted with the CO, from the air. In the pellet reactor, the aqueous K,COs reacts
with solid calcium hydroxide (Ca(OH),) from the slaker to regenerate the aqueous
hydroxide, which is sent back to the air contactor, and calcium carbonate (CaCOs)
to be used in the calciner. In the calciner, at elevated temperature, the CaCOs3
decomposes into solid calcium oxide (CaO), releasing pure CO; from the process.
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COMPENDIUM OF CARBON CAPTURE TECHNOLOGY

The Ca0 goes to the slaker where water is introduced, forming the Ca(OH),, which is sent to the pellet reactor, completing

the cycle.
Depleted Air Pure Carbon Dioxide
1 Air 2 Pellet Reactor 4 Slaker 3 Calciner

Contactor r—\l

Evaporate KOH rich CaCO; Pellets | Generator
|
I water l | - i Heat
_>
Air

Separator

Air

Air Contactor (1)
COyq) + 2KOH 5
\ 4

HZO(I) + K2C03(aq)
-95.8 kJ/mol

T I K2COs3 rich T

Water Natural Gas

Figure 1: Schematic of the DAC process.

|

Calciner (3)

CaC03(S)
Ca0(,) + COyyq
178.3 kJ/mol i
Pellet Reactor (2)
2KOH,q; + CaCOsy
K2CO3(aq) + Ca(OH)Z(S)
-5.8 kJ/mol

Slaker (4)

H,O

CaO(S)} HZO(”

Ca(OH)y(
-63.9 kJ/mol

Figure 2: Chemistry of the DAC process.

Carbon Engineering has a DAC research pilot facility in Squamish (British Colombia, Canada), which has been used to
support the testing in this project (Figure 3).
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Figure 3: Pilot plant in Squamish, British Columbia.

The project team formulated a heat and mass balance for an industrial-scale plant scrubbing CO; directly from ambient
air. Carbon Engineering'’s process scales-up to plant sizes capable of capturing 1,000,000 tonnes/year (t/yr) of CO,, which
are the most cost-effective due to economies of scale. Carbon Engineering's efforts were focused on taking results from
the research pilot in Squamish, British Columbia, and utilizing them to design a first-of-a-kind plant that is expected to
capture on order of 1,000,000 t/yr. The key items in the heat and mass balance are:

e All the power required by the equipment in the DAC plant is provided by a turbine.

e Steam to drive this turbine is partially generated by the hot flue gasses and CaO pellets leaving the calciner, and partially
from the combustion of natural gas.

All the CO; produced by the combustion of natural gas is also captured and delivered as product CO,.

Only fugitive emissions of CO; are lost to the atmosphere.

The amount of CO, delivered is 50% larger than the CO, that was captured from the air, with the extra from the
combustion of natural gas.

The water that enters the system and is used to wash the pellets and fines is balanced by the amount of water that the
absorber evaporates into the atmosphere.

The scope of work for the TEA included a design and cost estimate of a modified Carbon Engineering DAC plant us