
© 2023 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m

Joseph Swisher, Ph.D.
Senior Technical Leader

2023 Carbon Management Research Project Review Meeting

August 29, 2023

Engineering-scale test of a 

water-lean solvent for 

post-combustion capture
DE-FE0031945

http://www.epri.com/
https://www.linkedin.com/company/epri
https://www.facebook.com/EPRI/
https://twitter.com/EPRINews


© 2023 Electric Power Research Institute, Inc. All rights reserved.2

Acknowledgment
This material is based upon work supported by the Department of Energy under 
Award Number DE-FE0031945.

Disclaimer
This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, 
nor any of their employees, makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise 
does not necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof.  The views and 
opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof.



© 2023 Electric Power Research Institute, Inc. All rights reserved.3

Project Overview

Objective – Perform extended test campaigns on coal 
and natural gas flue gases with the EEMPA solvent 
operating at the ~0.5 MWe-equivalent scale for both 
coal and gas to verify its favorable performance 
characteristics while evaluating the environmental, 
health and safety (EH&S) risks of the technology and 
quantifying its potential to lower the cost of CO2

capture.

DOE PM Dustin Brown Modified dates & budget, 
pending approval

Project 
period

October 2020 to March 2024 to June 2025

Funding Federal
Cost share
Total

Organiz
ations

Electric Power Research Institute
Pacific Northwest National Lab.
RTI International
Paul M. Mathias Consulting, LLC
Gradient
Worley
Southern Company Services (NCCC)

N-(2-ethoxyethyl)-3-morpholinopropan-1-amine

 

EEMPA

or

$4,129,607
$1,032,411
$5,162,018

$5,028,677
$1,257,169
$6,285,846
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Overview of EEMPA’s characteristics

Strengths
– Single-component, miscible in water

– Low viscosity gain upon reaction with CO2

– Low surface tension

– Compatible with potentially cheaper materials of 
construction (e.g., plastics)

– Low corrosivity

– Good thermal and chemical stability

– Potential for advanced heat integration and 
regeneration steps that could save costs (e.g., flash 
regeneration)

Challenges
– Solvent is presently costly to produce, and large-

scale production yet to be demonstrated

– Imposes need for careful control of the process 
water balance

EEMPA has several characteristics that make it a promising post-combustion capture solvent
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EEMPA’s chemistry helps lead to the potential for low specific 

reboiler duties

▪ Spectroscopic and computational evidence point to 
enthalpically favored formation of EEMPA tetramers. 

▪ Current hypothesis: denaturing of these tetramers 
leads to observed changes in heat of solution.1

▪ SRDs as low as 2.0 GJ/t CO2 have been observed in lab 
experiments.2 Cost-optimal designs for coal flue gas 
achieve 2.34 GJ/t CO2 captured.3

1. Heldebrant et al. (2023), In review.

2. Zheng et al., Energy. Environ. Sci. (2020), 13, 4106-4113.

3. Jiang et al., IJGHGC, (2021), 106, 103279.

This figure shows the heat of solution of CO2 absorbing 
into dry EEMPA as a function of loading and 
temperature. At fixed loading, the heat of solution 
decreases with increasing temperature.

Courtesy of PNNL

Courtesy of PNNL
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EEMPA may capture benefits from the use of plastics

Grubel et al. In preparation.

▪ EEMPA is chemically compatible with a 
range of polymer materials, including 
polyolefins like polypropylene

▪ EEMPA exhibits a low surface tension 
(see right) an ability to wet many of these 
materials

▪ Potential benefits include…

– Capital cost savings through cheaper absorber 
packing

– Lower degradation rates by eliminating a 
source of metal ions that might catalyze 
particular degradation pathways

– Enhancement of mass transfer characteristics 
through favorable solvent-packing interaction

y = -0.2622x + 67.623
R² = 0.9901

y = -0.175x + 34.282
R² = 0.9573

y = -0.0561x + 28.661
R² = 0.9998
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Plot of observed surface tension vs. temperature for 
EEMPA and other solvents. EEMPA exhibits a significantly 
lower surface tension than monoethanolamine.

Courtesy of PNNL
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Scope for an engineering-scale test

▪ Develop a route to produce larger volumes of 
EEMPA at lower cost

▪ Plan a test using the Pilot Solvent Test Unit 
(PSTU) at the National Carbon Capture Center

▪ Modify PSTU equipment to accommodate 
EEMPA

▪ Manufacture the required quantity of solvent

▪ Run test campaigns on coal and natural gas flue 
gases

▪ Conduct a final TEA and environmental, health, 
and safety (EH&S) risk assessment

Image courtesy of Southern Company Services
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Establishing alternatives for synthesizing EEMPA

Objectives

▪ Develop alternatives to the single-step 
established route, which reacts 4-
morpholinopropyl amine (MPA) with 2-
bromoethyl ethyl ether (2-BEEE) to yield EEPMA. 

▪ 2-BEEE must be shipped under refrigeration, 
adding substantially to its procurement cost and 
logistics.

▪ Evaluate the most promising alternatives for the 
potential to achieve a $10/kg cost target.

Outcomes

▪ Several promising alternatives were 
identified using less expensive, widely 
available feedstocks.

▪ At present pricing for the scale required 
for this project (7.5 t), further 
development is required to translate the 
best alternatives to larger scales and 
achieve potential cost reductions.
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Highest readiness synthesis routes considered

Route 

No.
AKA Reactions Remarks

0
2-BEEE route

Established route

• Established procedure with high yield (80%) that has 

been to used to produce several multi-liter batches

• One-step process

• Relies on expensive 2-BEEE 

1
Chlorodiacetal

route

• Uses inexpensive starting materials. 

• High yield of aldehyde intermediate

• Overall yield closer to 50%. Multiple strategies were 

unable to increase the yield

• Multi-step process with intermediate purifications 

required.

2
2-ethoxyethanol 

oxidation route

• Widely available feedstock

• Potential for a one-pot synthesis

• Very high yield of the aldehyde

• Inconsistent yields of EEMPA observed 

3
Tosylated ether 

route

• Widely available, low-cost feedstock

• Moderate to high yields observed

• Requires intermediate purification
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Setup process for larger-scale synthesis

Objectives

▪ Test larger batches of most promising 
routes to confirm yields

▪ Determine feedstock availability and 
pricing at toll manufacturing scale

▪ Identify toll manufacturers and evaluate 
quotes for manufacturing 7.5 t (about 
2,000 gallons) of EEMPA.

Outcomes

▪ We solicited quotes from multiple toll 
manufacturers. Due to extra steps and 
lower level of development, the best 
alternative was quoted at higher cost 
than the original route.

▪ 2-BEEE has become ~3 times more 
expensive than during the proposal 
phase.

▪ The team has selected a manufacturer 
and quote based on the established 
route. 
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Planning for NCCC testing development

– Developed Aspen Plus models for coal 
and NGCC-like flue gas scenarios for the 
PSTU with the EEMPA property models

– An initial evaluation of the cooling 
needs to achieve the desired water 
balance in PSTU was performed (see 
right).

NGCC conditions Coal conditions
Starting 
temperature 
range

°F 110-130 110-180

Target absorber 
inlet temperature

°F 68.0 60.5

Total duty
Btu/hr 148,800-158,400 339,600-373,200

tons of 
refrigeration

12.4-13.2 28.3-31.1

Modeled cooling duties required to achieve target dew points for 
natural gas and coal conditions
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Equipment engineering and cost

▪ Further evaluation helped determine two 
key areas for modification of the PSTU to 
achieve target performance:

– Enhancing cooling of the flue gas using both 
the pre-scrubber and cooler/condenser 
column

– Using a larger reboiler to supply sufficient 
heat transfer area for the needed duty.

▪ Cooling the flue gas

– New exchanger will be added to cool the pre-
scrubber 

– Chilled water will be provided to both this 
exchanger and the existing cooler/condenser 
exchanger.

▪ Reboiler enhancement

– A new steam heater will be installed along 
with a forced circulation pump to provide the 
required heating duty.

– A larger exchanger is required compared to 
the existing reboiler due to lower thermal 
conductivity of the solvent compared to 
aqueous solvents.
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Pre-Scrubber
Cooler/ 

Condenser

Absorber

Washing 

Tower

Regenerator

Reboiler
Reclaimer

R/L HX

To Other Test Bays

Blower

Inter Coolers

To Stack

F

NG or Coal 

Flue Gas

F

F
F

Air C401

C301

C601

C501

T101 P101

T301 P301

T501 P501

T401

Condensate

Steam

Lean Tank 

Mode

F405

F401

P201

P403

P406

P601

P602

S601

S602

E301

E401

E402

E405

E404

E601

E602
E603

E501

P404

P401

P402

Steam

New 

Exchanger

New 

exchanger

Steam

Condensate

New PumpReplace 3 packings 

later in test campaign

Chiller Siting

Rental 
Chiller

C101

FTFT

TT

TT

Courtesy of Southern Company Services

Overview of PSTU modifications
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Overview of PSTU modifications

Add new exchanger to 
cool pre-scrubber liquid



© 2023 Electric Power Research Institute, Inc. All rights reserved.15

Pre-Scrubber
Cooler/ 

Condenser

Absorber

Washing 

Tower

Regenerator

Reboiler
Reclaimer

R/L HX

To Other Test Bays

Blower

Inter Coolers

To Stack

F

NG or Coal 

Flue Gas

F

F
F

Air C401

C301

C601

C501

T101 P101

T301 P301

T501 P501

T401

Condensate

Steam

Lean Tank 

Mode

F405

F401

P201

P403

P406

P601

P602

S601

S602

E301

E401

E402

E405

E404

E601

E602
E603

E501

P404

P401

P402

Steam

New 

Exchanger

New 

exchanger

Steam

Condensate

New PumpReplace 3 packings 

later in test campaign

Chiller Siting

Rental 
Chiller

C101

FTFT

TT

TT
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Overview of PSTU modifications

Rent 40-ton air-cooled chiller to 
provide chilled water to the pre-
scrubber and cooler/condenser 
exchangers.
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Overview of PSTU modifications

Add pump and new, larger steam 
heater to provide required duty 
though a forced circulation 
reboiler.
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Overview of PSTU modifications

Replace the absorber 
packing with a plastic-based 
structured packing.
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Design of engineering-scale test

Plastic packing

▪ Different packing manufacturers were 
interviewed to determine different 
options.

▪ A polypropylene packing comparable to 
the existing PSTU was selected.

▪ The current plan is to conduct testing 
with both the current packing and plastic 
to help provide a comparison.

Safety

▪ A Safety Data Sheet for EEMPA has been 
compiled using the expected composition 
based on the chosen synthesis route. A 
look-across analysis was performed 

▪ HAZOP/DHR exercise was performed 
6/29. One safety related issue was 
identified and a preliminary mitigation 
proposed.
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Next project phases

Budget Period 2

▪ Manufacture ≈2,000 gallons of EEMPA

▪ Make modifications to the PSTU to 
support EEMPA’s testing

– Chiller loop installation

– Regenerator enhancements

▪ Develop a comprehensive test plan

– Working with CCSI2 to develop a structured 
test plan using sequential design of 
experiments to help achieve 

Budget Period 3

▪ Commissioning and parametric testing

▪ Testing with metal packing

▪ Testing with plastic packing

▪ Testing flue gas campaigns for both 
natural gas and coal flue gas

▪ Project final techno-economic analysis

▪ Project final environmental health and 
safety analysis
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Key Points

Solvent synthesis

Found multiple potential synthesis routes, but 
moving forward with the existing route to 
protect the project schedule to the greatest 
extent possible.

Test engineering

Developed a plan to modify the PSTU. Moving 
forward on implementing that plan.

Next steps

Moving toward a start of testing in early 2024.
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Together…Shaping the Future of Energy®
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Project organization chart with key personnel

Electric Power Research Institute

Joseph Swisher, Principal Investigator

Abhoyjit Bhown, co-Principal Investigator

Annette Rohr

Tasks 1, 3, 4, 5, 6, 7, 9

Pacific Northwest National Lab.

David Heldebrant

Charles Freeman

Phillip Koech

Feng (Richard) Zheng

Yuan Jiang

Tasks 1, 2, 3, 4, 7, 8, 9

RTI International

Marty Lail

Jak Tanthana

Tasks 1, 2, 3, 4, 5, 7, 8, 9

Paul M. Mathias 
Consulting

Paul Mathias

Tasks 3, 7, 9
Gradient

Ari Lewis

Tasks 1, 9

Worley

David Stauffer

Task 9

National Carbon 
Capture Center

Tasks 4, 6 Toll Manufacturer

Task 5 

All BPs

Task 1 Project management and planning

Budget Period 1 Solvent scale-up and design of engineering scale test equipment

Task 2 Scale-up of solvent production

Task 3 Design of Engineering Scale Test Equipment

Task 4 Host site planning

Budget Period 2 Solvent manufacture and test facility modification

Task 4 Host site planning

Task 5 Manufacture of solvent

Task 6 Construction at host site

Task 7 Test plan development

Budget Period 3 Testing and data analysis

Task 8 Operation of Engineering Scale Test

Task 9 Data Analysis and Final Reporting
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Gantt chart
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