
Modeling and Design for Electrochemical Carbon
MASSACHUSETTS INSTITUTEDioxide Capture Systems OF TECHNO OGY

by MAY 0 8 2019

Ryan Alex Shaw LIBRARIES

B.S. Chemical Engineering and Mathematics, ARCHIVES
Virginia Polytechnic Institute and State University (2012)

M.S. Chemical Engineering Practice,
Massachusetts Institute of Technology (2016)

Submitted to the Department of Chemical Engineering
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Chemical Engineering Practice

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June 2019

@ Massachusetts Institute of Technology 2019. All rights reserved.

AuthorSignature redacted
Department of Chemical Engineering

Signature redacteday 1, 2019
Certified by

T. Alan Hatton

Ralph Landau Professor of Chemical Engineering

Signature redacted Thesis Supervisor
Accepted by

Patrick S. Doyle
Singapore Research Professor of Chemical Engineering

Chairman, Department Committee on Graduate Theses

i



2



Modeling and Design for Electrochemical Carbon Dioxide

Capture Systems

by

Ryan Alex Shaw

Submitted to the Department of Chemical Engineering
on May 1, 2019, in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy in Chemical Engineering Practice

Abstract

So long as fossil fuels remain humanity's primary source of energy, carbon dioxide
capture and storage will be needed to mitigate the effects of global climate change.
Existing carbon dioxide separation technology is energetically intensive and expensive
to employ in brownfield applications.

This thesis describes a novel CO 2 capture technology called Electrochemically-Mediated
Amine Recovery (EMAR). EMAR modifies incumbent thermal amine scrubbing, by
performing an electrochemical desorption which manipulates the concentration of a
cupric competitive complexing agent. Oxidizing copper results in a cupric-amine
complex at the anode, releasing CO 2. Reducing this complex at the cathode regen-
erates amines for capture. This approach is more energy efficient than traditional
thermal amine processes and is expected to be less capital intensive to implement.

A proof-of-concept EMAR system has been previously demonstrated and initial sys-
tem optimization has been previously performed. Contained herein is a significant
expansion of that work specifically in the areas of thermodynamics, mass and heat
transport, and system design.

Three thermodynamic paths are described for the EMAR process, which establish
the total electrochemical work of separation for this and other similar molecular
architectures. Electrochemical work, in concert with work of compression and pump
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work, allow for an ideal process flow scheme as well as optimized operating conditions
for the EMAR process to be developed. The thermodynamics suggests employing a
cathodic absorber for substantial efficiency improvements.

EMAR cell design is significantly improved by transitioning from a single unit cell to
a modular, stacked system. Performance of two stack geometries, series and parallel,
is modelled and analyzed. It is demonstrated that the series stack, which is more
industrially applicable, shows less severe internal temperature gradients than that of
the parallel geometry.

Thesis Supervisor: T. Alan Hatton
Title: Ralph Landau Professor of Chemical Engineering
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For Shady, our best good girl.
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Chapter 1

Introduction

Executive Summary

Contained herein is a summary of modeling, design, and experimentation on an elec-

trochemical carbon dioxide capture process known as Electrochemically Mediated

Amine Recovery or EMAR for short. This thesis builds off of the work of Stern and

others and provides a more detailed understanding of the thermodynamics and mass

and heat transport phenomena encountered in an EMAR separation process. 1,2 In

addition it provides a description and reports the performance of three new genera-

tions of EMAR cells and separation apparatuses.

EMAR provides unique advantages over traditional industrial carbon dioxide capture

processes. These include increased efficiency due to the targeted nature of electro-

chemical process and a process flow scheme which may be more easily implemented

in a retrofit application. This introductory chapter details the general motivation
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behind carbon dioxide capture processes and current industrial CO 2 capture tech-

niques. This chapter motivates the modeling, design, and experimental work with

the EMAR process described below.

Chapter 2 explores the thermodynamics of four electrochemical architectures, each

primarily liquid state, which may be employed in carbon dioxide capture. Two are

Electrochemically-Mediated Complexation Separation (EMCS) processes while the

remaining two are Electrochemically-Mediated Competitive Complexation Separa-

tion (EMCCS) processes. In particular a relationship is established between the

state of a liquid stream and that stream's open circuit potential. Thermodynamic

paths are established between states, which in concert with the open circuit potential

determine the electrochemical work required for a variety of molecular architectures

and system geometries. Two categories of molecular architectures, activated ab-

sorbent and blocking systems, are described this chapter, followed by three possible

system geometries.

Chapter 3 applies the framework established by Chapter 2 to the EMAR process,

which is, in the structure established by the previous chapter, a three-stage EM-

CCS architecture with a solid inactive blocker. It reveals a previously unknown

thermodynamic cycle for the the EMAR process, which it uses to establish a min-

imum thermodynamic work for separation based on key operating conditions. It

further suggests ideal process flow schemes for the EMAR process and analyzes, and

ultimately rejects, previously considered EMAR geometries.

Chapter 4 builds on the EMAR thermodynamics established in Chapter 3, by detail-

ing a mass and heat transport model. This chapter introduces two possible EMAR

stack geometries, parallel and series, and explores'the heat conservation within each
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geometry. Temperature profiles reveal that the parallel geometry results in more

severe temperature gradients than that of the series geometry. This chapter further

explores overpotential losses and finds that the dominant overpotential in a current

EMAR stack is the activation overpotential, which suggests the need for a larger

surface area electrode.

While the first four chapters establish a theoretical basis and optimal conditions

for the EMAR process, Chapter 5 details EMAR cell design and performance. A

brief historical perspective is provided on single unit cell EMAR systems designed

by Stern and Eltayeb.1 ,2 This is followed by a detailed discussion of multiple unit

cell - i.e. stacked - EMAR desorber systems which may be assembled in parallel or

series configuration. Experimental results demonstrate the efficacy of these stacked

systems and serve to validate the model presented in Chapter 4.

The final chapter frames this work in an economics context in order to establish

(1) the costs associated with carbon dioxide removal via the EMAR process and (2)

potential markets for the EMAR process. It concludes that most promising market

for EMAR technology is that of carbon dioxide separation as a service, specifically in

natural gas sweetening. A five forces analysis is completed in order to make strategic

suggestions for operation in such a market.
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Figure 1-1: CO 2 concentration data from Mouna Loa observatory showing a 25%
increase in atmospheric CO 2 since 1960.3

Motivation

Climate Change and Regulation

Anthropogenic carbon dioxide emissions have resulted in a 40% increase in atmo-

spheric CO 2 concentration since the industrial revolution, half of which has come in

the last 50 years, as demonstrated in Figure 1-1.4 Carbon dioxide, a greenhouse gas,

absorbs infrared ration reflected from the earth's surface which would otherwise be

sent to space.5 As such, there is strong agreement within the scientific community

that these greenhouse gas emissions are causing climate change.6 The result, seen in

Figure 1-2, is a sharp increase in global temperature anomalies over the same time

50 year period. An average global temperature increase of 0.8 0C since 1900 is one

of many symptoms of this change which also include rising and more acidic oceans,
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significant loss of arctic sea ice, and a myriad of related climate events. Mitigation of

climate change, whose primary cause is anthropogenic CO 2 production, is therefore

one of the most important issues the scientific community currently faces. 7

In 2014 the United States alone emitted more than 5 billion metric tonnes of C0 2.

The source of these emissions is primarily the combustion of hydrocarbons from fossil

fuel, though other CO 2 sources exist including aluminum and cement production. 9

Figure 1-3 details CO 2 emissions by industry, of which electricity generation and

transportation dominate. A significant reduction in these emissions must occur to

mediate the climate effects described above.1 '1" It is expected, however, that fossil

fuel combustion will increase moderately over the next 30 years before renewables

begin to supplant incumbent technologies.1 2 1 3

Carbon Dioxide Markets and Storage

A significant need thus exists for carbon dioxide capture and usage or storage. In

fact, the International Energy Agency suggests that some 100 GW of power plant

capacity, representing 0.5 billion metric tonnes of CO 2 production per year, must

employ carbon capture and storage (CCS) to ameliorate greenhouse gas emissions

*15 Captured CO 2 may be sold into a variety of markets, as show in Figure 1-4. The

dominant space is enhanced oil recovery, where CO 2 dissolves and displaces oil which

would otherwise go untapped from an oil well. 16 Oil recovered in such a manner has

a lower carbon footprint as most CO 2 injected for enhanced oil recovery remains

permanently trapped in the former oil well. Other markets for CO 2 sales include

food and beverage.
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Figure 1-2: Five year global temperature difference anomalies from a baseline of

1951-1980 for periods starting in 1951, 1971, 1991, and 2011 show a clear trend

towards a more severe, hotter climate.8

28



U-----
*. &~

C'$ .~"0~s'
(~O

<(C' ~5
4,

~0 ?~'

e~ 0~Z'd:s. ~

.o0z 0o: el'
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Figure 1-4: Share of 80 megatonnes (Mt) per year market as of 2011 by sector.
Market is expected to grow to 140 Mt/year by 2020.14
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Figure 1-5: Standard options for CO 2 capture from hydrocarbon fuel sources18

Still demand for C0 2, 80 - 140 Mt/yr," is a small fraction of emissions to be captured

so storage will be required in many cases. Proposed storage technologies include deep

saline aquifers and geological storage.' 7

Carbon Capture Techniques

Flue gas from coal fired power plants is approximately 15 mol% CO 2.18 For most CCS

systems, that carbon dioxide must be purified and compressed to pipeline pressures

of approximately 150 bar. As shown in Figure 1-5, three strategies exist for capture

of CO 2 produced from hydrocarbon combustion: precombustion, postcombustion,

and oxycombustion.

Precombustion requires pre-processing of a hydrocarbon stream by gasification or
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reforming. Though little power may be generated from this step, the hydrocarbon

stream is converted to a primarily hydrogen and carbon dioxide stream. The high

concentration CO 2 may separated from this stream leaving only hydrogen, whose

combustion produces only water.

Oxycombustion on the other hand, removes oxygen from air as a pre-treatment step,

so that pure 02 may be used for oxidation. The resulting product of combustion

contains primarily carbon dioxide and water, which may be easily separated.

The most straight forward method is post-combustion. This method deploys a CO 2

capture unit on the flue gas leaving a power plant or industrial process. Of the

three methods, it is the only method which has been retrofitted onto an existing

power plant, though oxy-fuel combustion retrofits have been proposed.19 Of the

three methods, Post-combustion CCS is considered the standard.2

Treatment of the 15% CO 2 flue gas stream may be accomplished through thermal

driven, 20 pressure driven, 21 or electrochemical driven 22 methods. Pressure driven

methods, which are difficult to employ for atmospheric pressure emissions, include

pressure swing adsorption, such as metal organic frame works (MOFS), 2 or mem-

brane separations . 24 The latter cannot efficiently achieve purities sufficient for pipeline

conditions and therefore require multiple stages, while the former requires huge sor-

bent beds due to very low volumetric storage capacities.2

The incumbent technology for post-combustion CCS is thermal amine scrubbing,

which has been in use industrially since 1930 and is shown in Figure 1-6.26 The

thermal amine process couples a low temperature absorption with a high temperature

desorption. In the absorber, amines at approximately 60 C are exposed to the flue

gas stream. The basic amines undergo an exothermic acid/base reaction with the
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Figure 1-6: Thermal amine scrubbing utilizes an amine sorbent to capture CO 2
(reaction 1) from a feed stream. CO 2 is desorbed by heating the amine/CO 2 complex

(reaction 2).

moderately acidic C0 2 , stripping this and other acid gases from the stream, and

forming a CO 2 /amine complex. At higher temperatures - roughly 110 'C - entropic

effects dominate and the reaction reverses in an endothermic manner, releasing CO 2

and refreshing the amines for additional capture.2

EMAR System

Electrochemically Mediated Amine Recovery (EMAR), described in detail through-

out this thesis, is a post-combustion process. The EMAR process, which modifies

thermal amine scrubbing as shown by Figure 1-7, was first introduced by Stern et

al. 27 As in the thermal amine process, in the EMAR process amine absorbents are

used at low temperature to extract CO 2 from a feed gas stream. The CO 2 bound sor-

bent is then fed to the anodic channel of an electochemical cell. Here, copper metal
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Figure 1-7: Electrochemical Mediated Amine Recover (EMAR) modifies thermal
amine scrubbing by replacing the thermal desorption (reaction 2 from Figure 1-
6) with an electrochemical desorption. The anodic reaction (reaction 2) oxidizes
copper and introduces cupric species to CO 2 bound amine sorbents, which bind the
copper and release CO 2. The cathodic reaction (reaction 3) reduces the copper/amine
complex, regenearting the amine for capture.
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a 15% CO2 stream and compression to 150 bar.

is oxidized and the resulting cupric ions complex the previously CO 2 bound amines,

causing CO 2 release and desorption. After separating the gas and liquid streams, the

liquid stream is brought to the cathodic chamber of the electochemical cell where the

copper-amine complex is reduced, plating out the copper and refreshing the amines

for addition capture in the absorber.

EMAR provides a few key advantages over thermal amine scrubbing. The first is

thermodynamic. Figure 1-8 compares the EMAR process to historic thermal amine

scrubbing processes, such as the Lubbock plant, which used MEA, and state of the

art thermal amine processes proposed by Rochel. 28 Thermodynamically, the EMAR

process is twice as efficient at traditional thermal amine processes and of comparable

efficiency to state of the art thermal processes which employ complex process flow

schemes such as the advanced flash stripper demonstrated by Lin et al. 29 However,
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as will be seen in Chapter 3, a shift in EMAR architecture from a standard absorber

to a cathodic absorber will serve to bring the EMAR thermodynamic efficiency to

near that of the thermodynamic minimum. This efficiency boost stems from the

targeted nature of electrochemical processes.

EMAR has advantages from a capital standpoint as well. EMAR more easily inte-

grates with existing infrastructure for brownfield installations. Since EMAR is an

entirely electrically driven process, it does not require the installation of a reboiler

as does the thermal amine process. Further, as will be discussed later, the EMAR

process allows for high pressure desorption of CO 2 for compression. The high tem-

perature required for high pressure desorption in the thermal case, generally causes

amine degradation, though some amines such as piperazine are resistant to this

degradation. 3O High pressure CO2 release decreases the compression ratio seen in

the compressor, thereby decreasing the compressor size and capital cost. Of course,

the work of compression is also decreased at the cost of more energy intensive amine

regeneration.
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Chapter 2

Thermodynamics of Electrochemical

CO 2 Capture Systems

Carbon dioxide, an electrophile, may be bound by a nucleophilic species. Therefore

an electrochemical system, which manipulates the nucleophicity of a redox active

absorbent or system may be used to selectively capture CO 2 . Reduction increases

an absorbent's nucleophicity, therefore such a species or system would be activated

for absorption at the cathode and deactivated at the anode. 31-33 The first such

electrochemical carbon dioxide capture system was proposed in 1988 by DuBois et

al.33

This chapter explores the thermodynamics of four electrochemical architectures, each

primarily liquid state, which may be employed in carbon dioxide capture. In particu-

lar a relationship is established between the state of a liquid stream and that stream's

open circuit potential. Thermodynamic paths are established between states, which
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in concert with the open circuit potential determine the electrochemical work re-

quired for a variety of molecular architectures and system geometries. Two categories

of molecular architectures, activated absorbent and blocking systems, are described

below, followed by three possible system geometries.

Modeling Electrochemical Systems

An electrochemical system's thermodynamics are governed by the Nernst Equation

given in equation 2.1. Consider the half cell reaction given below, where the oxidative

species, Ox, is being reduced to form the reductive species, Red. The Nerst equation

defines the equilibrium potential for such a reaction.

Ox + ze- - Red

Ee q= EO - RT In aned 21
zF (aox

If the voltage difference between the electrode (the electron source or sink) and

the solution is greater than this equilbrium potenial the anodic reaction - i.e. the

formation of the oxidative species, Ox - is favored. If this voltage difference is less,

the cathodic reaction - i.e. the formation of the reductive species, Red - is favored.

The Nerst equation will be the basis by which the open circuit potential for the

molecular architectures discussed below will be established.
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Activated Absorbent vs Blocker

Stern describes two architectures for electrochemcially mediated carbon dioxide cap-

ture: Electrochemically-Mediated Complexation Separation (EMCS) and Electrochemically-

Mediated Competitive Complexation Separation (EMCCS). 1 In EMCS a redox active

absorbent is activated for capture at the cathode and deactivated at the anode. In

EMCCS a redox active blocker species whose electrophilicity may be manipulated

serves to bind an electrochemically inert absorbent. Since this blocker species be-

comes a stronger electrophile upon oxidation, the absorbent is bound and deactivated

at the anode.

The thermodynamics of each of these systems is described below. Further, the ther-

modynamics of four possible process geometries are described. The first is a two-

stage system, where carrier activation and CO 2 absorption occur simultaneously at

the cathode and carrier deactivation and CO 2 desorption occur at the anode. The

second is a four-stage system where activation and deactivation, which occur at the

cathode and anode respectively, are decoupled from absorption and desorption. Two

possible three-stage systems are created by incorporating either a cathodic absorp-

tion or anodic desorption in an otherwise four-stage system.

EMCS - Activated Absorbent

The simplest EMCS cycle involves a concerted m electron electrochemical reaction

and a homogeneous binding of an activated absorbent, A"'--, to m CO 2 molecules.

Therefore, for every one electron passed through the EMCS cycle one CO 2 is captured

at perfect faradaic efficiency. Examples of this include may include: Scovazzo et al.'s
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Dormant / Solid Activated BoundQ CO2  Absorbent in Dormant Absorbent Absorbent
Solution L Absorbent

(a) Dormant Absorbent in Solution Architec- (b) Solid Dormant Absorbent Architecture
ture

Figure 2-1: Two possible EMCS architectures exist: (a) the dormant absorbent
remains in solution with the active absorbent, (b) only the active absorbent is in
solution.

one electron bipyridine cycle34 and Gurkan et al.'s two electron quinone process.2 2

The open circuit potential for this reaction establishes total work of separation for

an EMCS cycle. It will be shown that the strength of binding, defined by binding

constant KC 2 , has a strong effect on this open circuit potential.

The EMCS architecture requires that an activated carrier molecule be in solution

in order to transport bound carbon dioxide to the anode for release. However, an

inactive absorbent may be either in solution or in a solid state. The state of this

inactive absorbent will affect the open circuit potential described below. As shown

in Figure 2-1, a dormant absorber in solution may be used in a continuous cycle,

whereas a solid dormant absorbent will be shuttled from cathode to anode.
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Inactive Absorbent in Solution

Consider first an EMCS cycle with an inactive absorbent in solution, like that em-

ployed by Scovazzo.3 4 The open circuit potential for such as system, as described by

the Nernst Equation, is given in equation 2.2a.

Electrochemical

Homogeneous

Overall

A(aq) + me- . \ A m-(aq)

E = Eo - 1 ( Co
mF (CA)

Am-(aq) + mCO 2 (g) , A(CO2 )m" (aq)

_= ^(CO2 0KC0 2  CAm_ PC 0 2

A(aq) + me- + mCO 2 (g) , - A(CO 2 ) m "'(aq)

(a)

(b) (2.2)

(c)

The state of a stream in such a system is given by the following inputs:

" Total concentration of absorbent - activated, inactivated, or bound

" Fraction absorbents activated or bound (state of charge)

" CO 2 partial pressure

* Stream temperature

The first two conditions are given by equations 2.3 and 2.4 respectively, while the

later two conditions will be externally imposed.

Ao = CA+ CA- + CA(C0O 2 )mn (2.3)
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CA- + CA(C0 2 )-- (2.4)
Ao

Notice, the state of charge (SOC) is directly related to the total absorbent concen-

tration and the activated fraction as given in equation 2.5.

SOC = m (CA- + CA(co2)r-n- mAoXA' (2.5)

The state of charge as well as the open circuit potential, given by equation 2.2a,

define the total work of capture for an EMCS cycle. An approach similar to that

taken by Gurkan is presented in Appendix B to arrive at a relationship between the

open circuit potential and the parameters which define the state of the system. The

result is given in equation 2.6. It is of note that the open circuit potential is not a

function of total absorbent concentration for the activated absorbent architecture,

this will not be the case for other architectures described.

E E0 + RT [In (1 -XA In ( +KCo 25 o2  (2.6)
mnF _xA'

where Pco2 = Pco2 /PO.

If we define EO as the open circuit potential of a stream with no CO 2 (PC0 2 = 0),

then EO is only a function of state of charge. Further, define Edev as the open circuit

potential deviation from E0 . As shown in equation 2.7, Edev is a function of only

CO 2 partial pressure, not state of charge or total absorbent concentration.
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Solid Inactive Absorbent

Now, consider an EMCS system with a solid state inactive absorbent. By assuming a

unity activity for the solid species, we modify the Nernst Equation given in equation

2.2a resulting in equation 2.8a.

Electrochemical

Homogeneous

A(s) + me- . - Am -(aq)

E= E - TIn CArnmF (Co )

Am (aq) + mCO 2 (g) , A(CO 2 )m "(aq)

KC0 2 AC0 2 )m P2

(a)

(b) (2.8)

Overall A(s) + me- + mCO2 (g) A(CO2 ) m "'(aq) (c)

As before the state of a stream in such a system is given by the following inputs:

* Total concentration of absorbent - activated or bound (state of charge)

" CO2 partial pressure

" Stream temperature

The total absorbent concentration is given by equation 2.9.

Ao = CAm- + CA(C0 2 )mn (2.9)
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Since inactive absorbent is solid in this scenario, the state of charge of is a function of

the amount of absorbent which has become activated and entered solution as given

by equation 2.10.

SOC = m (CA_- + CA(C0 2 )- = m Ao (2.10)

Appendix B establishes the relationship between the open circuit potential of a

stream and its state as given in equation 2.11. Notice that though the open cir-

cuit potential relationship varies for the dormant absorbent in solution versus the

solid dormant absorbent systems - as given by equations 2.6 and 2.11 respectively -

their deviation potentials, given by equations 2.7 and 2.12, are the same. This will

be seen for EMCCS systems as well.

E = E + T Lln i + Kco 2  0 2 - In ( ) (2.11)
mF I CO _

RTKcP 0 )

Edev E (P I2 , AO) - EO (A0 ) FIn 1t + PP02 (2.12)E E 
( (AO) mF

EMCCS - Redox Blocker

An EMCCS cycle differs from an EMCS cycle in the redox active material. For an

EMCCS cycle the redox active material is activated to block a non-redox active ab-

sorbent. The simplest EMCCS cycle involves a concerted n electron electrochemical

reaction which oxidizes a blocker molecule, B, enabling the blocking of absorbent
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Q CO2 Absorbent Blocker <> Blocker in Dormant
Solution Blocker

(a) Dormant Blocker in Solution Archi- (b) Solid Dormant Blocker Architecture
tecture

Figure 2-2: Two possible EMCCS architectures exist: (a) the dormant blocker re-
mains in solution with the absorbent and active blocker, (b) only the active blocker

and absorbent are in solution.

A. A homogeneous reaction of free absorbent to bind m CO 2 molecules may occur

in the absence of a blocker. As in the EMCS cycle one electron releases one CO 2

molecule.

Similar to the EMCS system, EMCCS may utilize a dormant redox active species

which is either in solution or in the solid state. As shown in Figure 2-2, a dormant

blocker in solution may be used in a continuous cycle, whereas a solid dormant

blocker will be shuttled from anode to cathode.

Inactive Blocker in Solution

A similar approach to that taken for the thermodynamics of an EMCS system may

be employed for an EMCCS system. Consider first an inactive blocker which remains

in solution. The open circuit potential for such as system, as described by the Nernst
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Equation, is given in equation 2.13a.

Electrochemical

Homogeneous

Homogeneous

Bn+(aq) + ne , B(aq)

E = E0 - In (CB

A(aq) + mCO 2 (g) , * A(CO 2 )m(aq)

KC = C^Ao2 )m PO
CO 2  CA PC2 )

"A(aq) + Bn+(aq) ,'- B(A)"jm(aq)
M n/rn

CB( A)n 0n

AC"!C n+

Overall B(A)nm(aq) + ne- + nCO 2 (g) , - B(aq) + " A(CO 2 ) m(aq) (d)
(2.13)

The state of a stream in such a system is given by the following inputs:

* Total concentration of absorbent - unbound or bound by CO 2 or an active

blocker

* Total concentration of blocker - active or dormant

" Fraction absorbents bound to blocker (state of charge)

" CO 2 partial pressure

* Stream temperature

The first three conditions are given by equations 2.14, 2.15, and 2.16 respectively,

while the later two conditions will be externally imposed.

Ao = CA + CA(C0 2 ), + CB (2.14)
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BO = CB + CB + + CB(A)+~ CB + CB(A)n+
n/m n/m

nCB(A)fj+

mAO

This analysis assumes the binding of the blocker to the absorbent is quite strong, i.e.

>> 1 in equation 2.13c. The result is that any activated blocker will be bound to

an absorber so long as any absorber remains. Notice then that the state of charge

(SOC) is directly related to the total activated blocker fraction as given in equation

2.17.

(2.16)

SOC = n (CBn+ + CB( An+ ))" = mXBAo

Appendix B establishes the relationship between the open circuit potential of a

stream and its state as given in equation 2.18.

E==E0 RT [lE = E' - R n
nF ( nBonx B Ao

-1 + In n E(A0

-CO)

-n/mn\~

1- XB

1 + Kco2 P(7 202

As before, the deviation potential remains the same - solely a function of CO 2 partial

pressure.

Edev = E (PC0 2 , A0, Bo, XB) - E0 (A 0, ) RT InBo, XB) =F 11 1+ KCo2 P02
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Solid Inactive Blocker

The EMAR system originally described by Stern, and discussed in detail below,

which employs cupric ions as the redox active blocker for amine absorbents, utilizes

a solid inactive blocker as seen in Figure 2-2(a).2

Electrochemical Bn+(aq) + ne& 7 B(s) (a)

E = E0 - RIn C+

Homogeneous A(aq) + mCO 2 (g) , A(CO 2)m(aq) (b)

K 0 2  CA 02

Homogeneous "-A(aq) + Bn+(aq) , - B(A)n/mfn+(aq) (c)
C B(A) n 0ar
C n/rn

On/rnC n+

Overall B(A)f/mn+(aq) + ne- + nCO2 (g) , B(s) + "A(CO 2)(aq) (d)
(2.20)

The Nernst equation given in 2.20a for this electrochemical reaction assumes that

the reduced form of the blocking molecule, B, is solid and has an activity of 1. As

in the previous case, the assumption is made that > 1 and the state of a stream

in such a system is given by the following inputs:

* Total concentration of absorbent - unbound or bound by CO 2 or an active

blocker

" Total concentration of active blocker in solution (state of charge)

" CO 2 partial pressure

* Stream temperature
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The first two of these conditions are described by A0 and B0 below.

Ao = CA + CA(CO), + -CB(A);+
m n/M

(2.21)

(2.22)Bo = CBn+ + CB(A)n+ CB(A)n+
n/m n/m

For convenience, define the blocker loading as given by equation 2.23.

nCB(A)+ nBO
XB = m/" mA

mAO mAO
(2.23)

Notice the state of charge (SOC) is directly related to the total activated blocker in

solution as given in equation 2.24.

SOC = nBO= mXBAO (2.24)

Appendix B establishes the relationship between the open circuit potential of a

stream and its state as given in equation 2.25.

RT moE E[ + ln(xB)+n --) -in
nF nCO ( 1+0

-[Aol

co)

XB

1 + KC0 2 P 0 2

As before,*the deviation potential remains the same - solely a function of CO 2 partial
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E dev = E ( Pc0 , Ao, xB) - EO ( Ao, xB) = RTIn + KC02 )5P02mF
(2.26)

Thermodynamic Minimum Voltage Required for Sep-

aration

Notice that Edev- given by equations 2.7, 2.12, 2.19, and 2.26 - is the same for

all four systems. Therefore for any of the four architectures, if one considers the

simple non-flow system given in Figure 2-3, where fluid in the cathodic absorber

and anodic desorber are at the same state of charge, the cathodic and anodic half

cell potentials will be given by equation 2.6. The difference between the anodic half

cell potential and the cathodic half cell potential is the thermodynamic minimum

voltage required for separation, which is given in equation 2.28. See Appendix B
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for derivation of equation 2.28 from equation 2.6. As expected, higher desorption

pressures, PCO2 ,anode, or lower inlet CO 2 partial pressures, PC0 2 ,cathode, result in higher

cell voltage required for capture.

Edev RT In + Kco 2 5Po2  (2.27)
mF

Z E - Eanode - Ecathode = E "dev - Edev RT n 1 + KC02 P002,anode (2.28)
anode 'cmF 1 + KCO2 PN02,cathode J

The minimum work per mole CO 2 captured is a function of the faradaic efficiency,

q, and the cell potential, AE, and is given by equation 2.30. Some faradaic losses

are implicit to electrochemical CO 2 capture systems. These include sub-unity usage

of absorbent, particularly at the cathodic absorber, and CO 2 solubility differences at

the absorber and desorber, which arise from different partial pressures in this region.

These inefficiencies are considered in detail for the EMAR system discussed below,

however equation 2.29 gives the most prevalent faradaic loss, namely absorbent usage

at the cathodic absorber. The result is equation 2.30, the total work for a system

like that given in Figure 2-3.

KC02)3(702,cathode
"7cathode K ~ (2.29)

1 + KCO2 PO02,cathode
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FAE RT 1+KCO2 Pl% ,cathode 1 + KC0 2 P( 0 2 ,anode
W =~-~In (2.30)

1 M KC2 Pj 2 ,cathode (1 + KCO2 PO2,cathode)

Increased absorbent affinity, Kco 2, while negatively effecting the cell voltage im-

proves the faradaic efficiency. In fact, if one takes equation 2.30 in the limit as

binding affinity approaches infinity, the result is the thermodynamic minimum work

required for separation of a small amount of CO 2 from a stream.

lim W = RT In Pco 2 ,anode
Kc02 -o \0 PC02,cat hode /

The relationship between absorbent affinity and system efficiency is given in Figure

2-4.

Two, Three, and Four-Stage Geometries

When considering a flow system, like the EMAR process discussed below, generally

four geometries will be considered. A two-stage system couples a cathodic absorbent

activation - or blocker deactivation - with a CO 2 absorption. Similarly, at the anode

for a two-stage system a desorption is coupled to an anodic deactivation of the

absorbent - or blocker activation. In a four-stage system however the electrochemical

steps are decoupled from the homogeneous absorption or desorption of CO2. Two-

stage and four-stage geometries may be combined to create two possible three-stage

geometries by including either a cathodic absorption or an anodic desorption in an
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Figure 2-5: Flow geometries for both EMCS and EMCCS systems may employ either
two, three, or four-stage geometries
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otherwise four-stage geometry. Examples of two-stage and four-stage geometries are

given in Figure 2-5.

Three simple thermodynamic pathways exist for these geometries.

Constant CO 2 Partial Pressure Seen in cathodic absorption or anodic desorp-

tion regimes, these paths maintain a constant CO 2 partial pressure while chang-

ing both state of charge and total CO 2 concentration in the liquid.

Constant Total CO 2 Concentration Seen in cathodic or anodic regimes, which

do not include absorption or desorption, these paths maintain a constant total

CO 2 concentration in the liquid while changing both state of charge and partial

pressure of CO 2 .

Constant State of Charge Seen in non-electrochemical regimes like absorption or

desorption, these paths maintain a constant state of charge while changing both

CO2 partial pressure and total CO 2 concentration in the liquid.

A relationship between the open circuit potential and the state of charge of EMCS

and EMCCS systems was established for constant CO 2 partial pressure paths by

equation 2.27. In order to resolve the other two paths listed above it is necessary to

establish a relationship between state of charge, CO 2 partial pressure, and total CO 2

concentration in the liquid. Define total carbon dioxide concentration as

C02,0 = CCo2 + mCA(co 2),

where Cco 2 is the dissolved, unbound carbon dioxide in solution and CA(C0 2 )m is the

absorbent bound CO 2 as before. Notice that Co 2 is related to PC0 2 by the Henry's
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C02,0 a kh,C0o 2

EMCS with Inactive Absorbent in Solution C02,0 LA' kh,00 2 0O

EMCS with Solid Inactive Absorbent C02,0 A0  khco 2 P
mO CO mO

EMCCS with Inactive Blocker in Solution C02,0 kC2PO

EMCCS with Solid Inactive Blocker C02,0 1 - XB khC 2 PO

Table 2.1: Parameters for carbon dioxide balance given in equation 2.31.

law constant, kh,C0 2 , as given by

PC =CC 0 2

kh,co
2

For convenience we define the following relationships h,C2 -khC 2 PO and C,kh~o2  MA0  adL0 2 ,0

C02,0 for all systems where total absorbent concentration remains constant. FormA0

systems where absorbent concentration changes, i.e. EMCS with solid inactive ab-

sorbent, define h,C2 = khc 2 Po and xco 0 020. As shown in Appendix B theen, ,C02  mO a L 2 ,0 - inC

relationship between state of charge, CO 2 partial pressure, and total CO 2 concentra-

tion is given in equation 2.31, whose a parameter is established in Table 2.1. Notice

that a in equation 2.31 indicates the systems' state of charge.

KC0 2 PP0 2
LCO2,0 = a - + kh,C0 2 PCQ 2  (2.31)

1 + KC0 2 PP0 2

Equation 2.27 in concert with equation 2.1 allows us to establish a relationship be-

tween deviation potential, Edev, and state of charge for which a is a proxy for all three

simple paths described above. Figure 2-6 gives an example cycle for a three-stage

geometry electrochemical CO 2 separation employing an anodic desorption. This ar-
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Figure 2-6: Ede as a function of state of charge, a, for an example three-stage
electrochemical CO 2 separation. (1) Constant XCO2,O cathodic path. (2) Constant
state of charge absorption. (3) Constant partial pressure anodic desorption.

chitecture is similar to the EMAR architecture whose thermodynamics are explored

in detail in the following chapters. The total work for separation for an electrochem-

ical cycle is defined by the path integral of the open circuit potential vs state of

charge - which was established by equations 2.5, 2.10, 2.17, and 2.24 and is propor-

tional to a - as given by equation 3.14. The result is the total work of separation is

proportional to the shaded areas shown in Figure 2-7.

W= [EdQ = Edev dQ (2.32)

Figure 2-7 demonstrates the effect of absorbent affinity for C02, Kco2 , and CO 2

solubility as measured by the Henry's law constant, kH,co 2 , on total work of capture

for a three-stage system. As shown, increasing KCo 2 shifts the deviation potential
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Figure 2-7: Effect of absorbent affinity, Kco 2, and CO 2 solubility, kH,co 2 , on thermo-
dynamic cycle shows a preference for weaker absorbent affinity and higher Henry's
law constant for a three-stage system.
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more positive, the result is a slight increase in the integration area and subsequently

the work of capture for this particular geometry. This is in contrast to the non-

flow system described previously which becomes more efficient at Kco2 increases.

Increasing the Henry's law constant brings the cathodic path closer to the anodic

path in this geometry, thereby decreasing the work of capture.

Thermodynamics associated with the three stage EMAR geometry is discussed in

detail in the following chapter. As noted there the two-stage system is, generally,

more efficient than a three or four stage system, owing to the increased carbon dioxide

partial pressure in the cathode. This serves to increase the cathodic equilibrium

potential closer to that of the anode. EMAR is no exception.

Summary and Conclusions

This chapter introduced a framework for analyzing liquid state electrochemical car-

bon dioxide capture systems, which utilize a variety of molecular architectures and

system geometries. Of particular concern, was the open circuit potential of a given

system at a given state and the paths by which such a system traveled between

states. With this information one can determine the electrochemical minimum work

of capture via a path integral of the open circuit potential with respect to state of

charge.

The molecular architectures described employ a concerted m electron electrochemical

reaction and include:

Electrochemically-Mediated Complexation Separation (EMCS) in which a
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redox active absorbent is cathodically activated for capture and anodically

deactivated.

Electrochemically-Mediated Competitive Complexation Separation (EMCCS)

in which a redox active blocker species whose electrophilicity may be manip-

ulated serves to bind an electrochemically inert absorbent. This blocker is

activated via oxidation at the anode and subsequently deactivated via reduc-

tion at the cathode.

EMCS architectures explored in this chapter include systems where an inactive ab-

sorbent remains in solution as well as systems with solid inactive absorbents. Sim-

ilarly, EMCCS architectures studied may incorporate a solid inactive blocker or a

blocker which remains in solution. While the relationship between state and open

circuit potential varies for the four architectures studied, a convenient simplification

exists as given by equation 2.27. The deviation potential was defined as the open

circuit potential difference between a given state and that same state in the absence

of carbon dioxide. It was shown that for all four architectures the deviation potential

was the same and was solely a function of CO 2 partial pressure, not state of charge or

absorbent concentration. The deviation potential is repeated below for the reader's

convenience.

Edev = E - E = RF In (i + KcoPio2 )

System geometries dictate thermodynamic paths taken by these electrochemical sys-

tems, which in concert with the equation given above establish the thermodynamic

minimum work of Capture. The system geometries studied by this chapter include:
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Two-Stage which couples a cathodic absorbent activation - or blocker deactivation

- with a CO 2 absorption as well as coupling an anodic absorbent deactivation

- or blocker activation - with a CO 2 desorption.

Three-Stage which include either a cathodic absorption or an anodic desorption in

an otherwise four-stage geometry.

Four-Stage in which the electrochemical steps are decoupled from the homogeneous

absorption or desorption of C0 2 .

The potential paths taken by each of these system geometries include:

Constant CO 2 Partial Pressure Seen in cathodic absorption or anodic desorp-

tion regimes, these paths maintain a constant CO 2 partial pressure while chang-

ing both state of charge and total CO 2 concentration in the liquid.

Constant Total CO 2 Concentration Seen in cathodic or anodic regimes, which

do not include absorption or desorption, these paths maintain a constant total

CO2 concentration in the liquid while changing both state of charge and partial

pressure of CO 2 -

Constant State of Charge Seen in non-electrochemical regimes like absorption or

desorption, these paths maintain a constant state of charge while changing both

CO 2 partial pressure and total CO 2 concentration in the liquid.

In order to determine the open circuit potential along each of these paths equation

2.31 was established. This CO 2 mass balance related state of charge and total CO 2

concentration to CO 2 partial pressure so that equation 2.27 could be used to establish

how the deviation potential changes along each of the three above paths. This CO 2
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mass balance is repeated below for the reader's convenience.

Kco2 '200
XC02,0 a- + kh,C0 2 PC0 2

1 + KCo 2 P 0 2

Here a is a proxy for state of charge and whose explicit definition is given in Table

2.1 for each molecular architecture.

It was shown that for a three-stage system with an anodic desorption, similar to that

of the EMAR process discussed in the following chapters, the electrochemical cell

employed became more efficient at lower absorbent binding affinities and at higher

CO 2 solubilites as measured by the Henry's law constant. This was in contrast to

simple, non-flow electrochemical carbon dioxide capture schemes, which as shown in

Figure 2-4 improve efficiency upon increasing absorbent binding affinity.

The following chapter will build on the thermodynamic foundation established in

this chapter. Specifically, Chapter 3 will analyze the thermodynamics of the EMAR

process, an EMCCS architecture with a solid inactive blocker which typically employs

a three-stage geometry. This endeavor will rely heavily on equation 2.25, which

establish the open circuit potential for a given state, and equation 2.31, which relates

three key process variables, namely state of charge, CO 2 loading, and CO 2 partial

pressure.
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Chapter 3

EMAR Thermodynamics

Chapter 2 established a relationship between the state of a liquid stream and that

stream's open circuit potential, for a variety of electrochemical architectures includ-

ing Electrochemically-Mediated Complexation Separation (EMCS) and Electrochemically-

Mediated Competitive Complexation Separation (EMCCS). That chapter went on to

describe three simple thermodynamic paths which an electrochemical system make

take while completing a carbon dioxide capture cycle, namely constant CO 2 partial

pressure, constant CO 2 concentration, and constant state of charge. The paths were

shown to arise naturally from the system geometry which may include two, three,

and four-stage systems.

Electrochemically-Mediated Amine Recovery (EMAR) as first proposed by Stern

et al. is an EMCCS system that employs a three-stage geometry with an anodic

desorption and whose thermodynamic cycle consists of all three paths discussed

above.' This chapter will explore the thermodynamic cycle of an EMAR process,
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expanding on the framework introduced in Chapter 2. It will establish the key process

variables for an EMAR stream which determine that stream's state. It will also

expand upon key parameters for the EMAR system, namely amine binding affinity,

KC0 2, and CO2 solubility, kH,CQ 2, initially introduced in the previous chapter, which

affect the system's efficiency.

In addition to the thermodynamics of the electrochemical EMAR cell, auxiliary unit

operations including pumps and compressors will be considered. The result will be

an analysis of the total work of carbon dioxide capture for the EMAR process, which

will suggest ideal unit operation configurations and operating conditions.

As discussed in Chapter 1 the redox active species in an EMAR cycle is copper,

which in its oxidized state complexes with an amine absorbent. EMAR's mechanism

given below is therefore similar to that provided by equation 3.1.

Electrochemical Cu2 +(aq) + 2 e- ',' Cu(s) (a)

E = EO -_ n ( Co
2F Cc2+ /

Homogeneous Am(aq) + mCO 2 (g) , ' Am(CO 2 )m(aq) (b)

K 0  - CAm(C0 2 )m Po m (3.1)
2 CAm PC00 2 /

Homogeneous -Am(aq) + Cu2+(aq) , Cu"(Am) 2/m 2 +(aq) (c)

CCuIJAm2+ C0 2/m
2/m

Csm Cun2+

Stern first described the thermodynamics of the EMAR process. 1 Stern's approach

however, mistreats the cathodic and anodic paths and overestimates the required

work for capture, therefore the framework discussed in Chapter 2 will be used to
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expand and generalize Stern's work. As shown above, of key importance to any

electrochemical CO 2 capture system is the affinity of the absorbent - amine in the

case of EMAR - to bind CO 2, given as KC0 2 in equation 3.2.

CAm(00 2 ) ( Po N"
KC0 2 - (3.2)

CAm P 0 2

Using the above framework Stern's description is significantly expanded upon for the

EMAR process in the sections below.

Key Process Variables

The state of any liquid stream in the EMAR process may be described by the process

variables given in Table 3.1.

Total Amine Concentration Am CAm + C Am(0 2 ) + CCuIIAm2+
2/m

2CCuII Am2+
2/rn 2CuOCopper Loading XCU = mAmo Amo

-COO2 +MCArn(C0 2 )M C_02,0
Effective CO 2 Loading mCo2,0 =C n m0Ao mA o

CO 2 Partial Pressure Pco2 = kHC02

Table 3.1: Process variables with describe the state of a liquid EMAR stream.

The total amine concentration (Am0 ) describes the total concentration of all amines

in the liquid in any form (bound to carbon dioxide, bound to copper, or unbound).

The copper loading (xcu) describes the fraction of those amines which are bound to

copper. With the assumption that amines are in excess and the binding constant

between amines and copper, /, is quite high, we have xcu ~ 2Cuo Similarly the
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effective carbon dioxide loading (xco2 ,O) may be defined has the total dissolved CO 2

concentration (bound or unbound to amines) normalized by the total amine con-

centration. Finally, the carbon dioxide partial pressure (PC0 2 ) of any liquid EMAR

stream is related to the concentration of dissolved, unbound CO 2 by the Henry's law

constant (kh,co
2 ).

As shown in Appendix C, Xcv, XCO2,O, and Pco2 are related to each other as given

by equation 3.3.

XCO2,O - kh,Co 2 PC0 2 = (1 -- CC0) ~02 (3.3)

Here Pco2 = P002 is the dimensionless carbon dioxide partial pressure and kh,c0 2P0

kh0CO2 Po is the dimensionless Henry's law constant. Solving equation 3.3 for xCo 2,OmAin0

and xCu is straight forward and is given in the Appendix C. Of key importance,

as will be shown later, is solving for Pco2 for which an analytical solution, given in

equation 3.4, exists for m = 1.

jb2 + 4Ich,Co2 Kco2 Xco 2 ,0 - b (3.4)
9002k= ' (3.4)PC02

2 Ikh Co2 K0 0 2

where b KC0 2 (1 - Xcu - XC0 2 ,O) + kh,C0 2 -
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Minimum Required Copper Loading Shift and Max-

imum Desorption Pressure

In order for carbon dioxide to be released from the anode, copper loading must be

sufficiently increased to bring the CO 2 partial pressure of the anodic stream up to

the pressure of the EMAR Cell, PEMAR. Therefore, for a given desorption pressure,

there is a minimum required copper loading shift before which no carbon dioxide will

be released from the desorber. Similarly for a given copper loading shift, there is a

maximum achievable desorption pressure. Specifically, we require that the effective

CO 2 loading of the anodic outlet be less than the effective CO 2 loading of the anodic

inlet. Thus, the relationship between desorption pressure and copper loading shift is

a direct consequence of equation 3.3 and is given by equation 3.5

(1- xcin) KC02 b)+ hC0 2 abs (3.5)
> (1 - xc 1+K E2P+AIAR + kh,CO 2 PEMAR

This inequality may be simplified to equation 3.6 for typical conditions experienced in

an EMAR cycle. See Appendix C for a detailed derivation of this simplification. The

result is fairly intuitive, that we require an anime copper loading shift sufficient to

bind the dissolved CO 2 in the anode at desorption pressure less the entering dissolved

CO 2 .

AXCu kh,CO 2 (IEMAR -- abs (3-6)
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Key Parameters

As shown in equation 3.3, the amine/CO 2 binding constant, KCO 2, and the Henry's

Law constant, kH,Co 2 , are required to determine the state of an EMAR stream. The

Henry's Law coefficient for CO 2 is a function of temperature and stream composi-

tion. The temperature effect may be described by the enthalpy of solution as given

in equation 3.7.35,36 A salting out effect decreases CO 2 solubility in aqueous streams

containing electrolyte. This composition effect is a function of ionic species present

and ionic strength and may be determined using equation 3.8 and Table 3.2 in con-

junction.18 , 3 7

d (ln (kH,Co 2 )) __ mixH = 2500 K
d (1/T) R

(3.7)

kH,elec - hjIj, I= 1

h+ (L/g ion)
Na+ 0.091
K+ 0.074

Table 3.2: The salting out effect on C02
values in conjunction with equation 3.8.

(3.8)E Czi, h = h+ + h-

h_ (L/g ion)
NO3 -0.001
Cl- 0.021

solubility is described using h+ and h_

Combining the temperature and composition modifications given above results in

a general description of the Henry's law coefficient for an EMAR stream given in

equation 3.9.
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kH,Co 2 = kHo,CO 2 exp (d(ln(kHo 2 )) ( 1 kH,elec (3.9)

In a similar manner the binding constant for the amine/CO 2 couple, Kc0 2, which

is introduced in equation 3.2, is a function of both temperature and composition.

In order to decouple this temperature and composition effect, consider the following

equilibrium constant for amine/CO 2 binding which considers only aqueous species

concentration, and is assumed to be a function of only temperature not stream

composition.

Kco 2 ,aq CAm(C02 ) (3.10)
CAMC %2

Noting that CC02 = kh,C0o 2 PC0 2 and combining equations 3.2 and 3.10 we have the

following relationship.

KC0 2  CAm(Co 2 )m ( Po " _ CAm(C0 2), kh,co 2 Po ) _ M
CAm PCO 2  CAm CK 0 2  hco 2 PO

Consider two streams, both at the same temperature (and therefore, both with

KCo 2 ,aq equal), but one without supporting electrolyte and one with supporting

electrolyte. Let their binding constants be KCO 2,ref and KC0 2 respectively. Using

the result from above, we have the following.

K0 0 2  KcO2,ref kkh,Co 2  = KC0 (kH,elec)m
kh,C02,ref /
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As shown by Stern, Kco 2,ref has a temperature dependence given below. 27

KCO2 ,ref = K 0 exp (~ Hc

The result is the temperature and stream composition dependence of KC0 2 as given

by

( ZHco2
KC0 2 = Ko exp RT 2 kH,elec (3.11)

Just as in Chapter 2, KC0 2 and kH,co 2 will establish the profiles of the thermody-

namic paths discussed below.

Open Circuit Potential

Stern described the open circuit voltage (OCV) of an EMAR stream as a function

of PC0 2 as given in equation 3.12 below. 2 7

RT Co p ~ Am - CUO . 2/M-

E = E0 + In -U In 1 + Ao-M(3.12)
2F (Co C q2/m _1 + KC2 ( PC02/ PO)M.

This may be expressed as in equation 3.13 using the dimensionless variables and

parameters described above. Notice this is simply an instance of equation 2.25 ex-

pressed in terms of the key process variables discussed above.
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Figure 3-1: Open circuit potential versus the standard hydrogen electrode of an
EMAR solution as a function of copper loading for: (a) constant carbon dioxide
partial pressure, (b) constant effective carbon dioxide loading.

-2/m1

E = E0 + In (x,,) +ln -mAm In 1+ (\I xc) }
2F 2

(3.13)

Where Amo = Amo/Co. Note that Co is the standard concentration for which 3 is

described in equation 3.1b.

Equation 3.13 may be used to establish constant Pco 2 profiles for open circuit po-

tential as a function of copper loading as given in Figure 3-1a. Similarly, equation

3.13 may be combined with equation 3.4 to create constant effective CO 2 profiles

for OCV as given by Figure 3-1b. These two may be used in concert to establish a

thermodynamic cycle for EMAR, which will define the work of regeneration as given

by equation 3.14.
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ff f XCu,max

W=fEdQ=F-Amo Edxc=F.Amo ( (Ea - Ec) dxcu (3.14)
1 fxCu,min

where W is the work required for regeneration, Q is the state of charge, xcu,min

and xCu,max are the anodic inlet copper loading and cathodic inlet copper loading

respectively, and Ea and Ec are the open circuit potentials, which change with copper

loading, for the anodic and cathodic flows respectively.

Anodic and Cathodic Paths

The EMAR process as shown in Figure 3-2a traverses three states, represented by

streams 1, 2, and 3. The anodic channel connects states 1 and 2, call this the anodic

path. Similarly, call the cathodic path and the absorber path the paths connecting

states 2 and 3 and states 3 and 1 respectively.

Leaving the absorber liquid is in equilibrium with the feed gas stream, which has a

CO 2 partial pressure of Pabs = YCO 2 ,feed ' Pabs,total. As this liquid enters the anode

copper metal is corroded resulting in cupric ions, which bind amines as shown in

equation 3.15. This in turn increases the partial pressure of CO 2 , Pco2 , in the

liquid.

2
-Am(CO 2)m(aq) + Cu(s) Cu Am2/m 2+(aq) + 2 CO 2(aq) + 2 e- (3.15)
m
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73

Lean Gas

x



Let the total pressure of the EMAR cell be PEMAR and note Pabs < PEMAR - otherwise

we have a pressure swing absorption process. When a copper loading shift occurs

sufficient to increase Pco2 to match PEMAR, CO 2 gas begins to evolve and PC0 2

remains constant. Carbon dioxide leaving the liquid decreases effective CO 2 loading,

X 0 2, 0 , as more copper is added. The anodic path therefore has two stages, which

are reflected in Figure 3-2b.

Stage 1 Constant effective CO 2 loading path, while partial pressure of CO 2 increases

from Pabs to PEMAR

Stage 2 Constant partial pressure of CO 2 at PEMAR path, while effective CO 2 load-

ing decreases

The cathodic path is more simple, as no carbon dioxide is evolved. After the stream

exiting the anode is stripped of gaseous CO 2 in the gas/liquid separator, the liquid

enters the cathode where the electrochemical reaction given in equation 3.16 occurs.

The decreasing copper loading decreases Pco2, while effective CO 2 loading remains

constant as no carbon dioxide has entered or left the liquid. Therefore the cathodic

path, by contrast to the anodic path, is a single continuous stage.

112 2Cu"Amm21 +(aq) + 2CO 2 (aq) + 2e - 2Am(CO 2)m(aq) + Cu(s) (3.16)
m

Liquid leaving the cathode has free amines available to bind CO 2 in the absorber,

where no electrochemical reaction occurs. Thus the absorber path increases PC0 2 and

X 0o2 ,0 in the stream at a constant copper loading, i.e. a constant state of charge.
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The now completed thermodynamic cycle is given in Figure 3-2.

Work of Regeneration, Compression, and Pumping

The thermodynamic work of amine regeneration and CO 2 release is a function of

the path integral of the EMAR cycle as given by equation 3.14. However, two other

unit operations draw power in the EMAR process: the pump and the compressor.

These unit operations are shown in Figure 3-4a. The compressor increases outlet

CO 2 pressure from PEMAR to storage pressure, Ptore. The pump circulates the

EMAR liquid and raises its pressure from absorption pressure (likely atmospheric)

to PEMAR before entering the desorber. Pump work per mole of CO 2 captured is

given by equation 3.17. For simplicity isothermal compression is assumed to calculate

the work of compression per mole of CO 2 captured.

PEMAR - PAbs

AmO- (XCO2,oanode,in - XCO2,0,cathode)

By considering the work of regeneration, pumping, and compression, we can analyze

the effect of copper loading shift and EMAR desorption pressure, among other vari-

ables, on the total work of CO 2 capture. A sample of this analysis is given in Figure

3-3. As seen in Figure 3-3a for a given EMAR desorption pressure, an ideal copper

loading shift exists, though the effect of copper loading shift on the total work of the

system is minimal. At low copper loading shifts, the electrochemical work of capture

is minimized, however pump work is increased significantly especially as the copper

loading shift approaches minimum given in equation 3. This asymptotic behavior is
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Figure 3-3: Work of capture and compression versus (a) copper loading shift and (b)
desorption pressure for EMAR cell, compressor, and pump unit operations.

clear from the denominator of equation 3.17.

EMAR desorption pressure unlike copper loading shift has a significant effect on total

work of capture as shown in Figure 3-3b. An increase in EMAR desorption pressure

results in an increase in total work of capture, dominated at high desorption pressures

by the work of pumping. Not only does a higher desorption pressure require a higher

outlet pump pressure, but the additional dissolved CO 2 in the anode - i.e. CO2 not

released by the desorption - requires additional volumetric flow to pass through the

pump. These two effects compound each other. Naturally, increasing desorption

pressure decreases compression work, not enough however to compensate for the

increased pump work. That said, only a minimal thermodynamic penalty is applied

on desorption pressures up to 10 bar for the 60% copper loading shift tested.

An analysis similar to that seen in Figure 3-3 may be employed for all desorption

pressures and copper loading shifts within the EMAR operating window defined by
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Figure 3-4: For EMAR cycle (a) consisting of EMAR cell, pump, and compressor,
(b) total work of capture and compression versus copper loading shift and desorption
pressure for EMAR.

equation 3.6. The result is the heat map given in Figure 3-4b. As expected, generally

lower copper loading shifts and lower EMAR desorption pressures are preferred form

an operational cost standpoint, though very little penalty exists for high copper

loading shifts or moderate desorption pressures. We expect capital costs on the

other hand to display the opposite behavior from the operational costs, requiring

a smaller absorber as copper loading shifts increase and a smaller compressor as

desorption pressures increase.
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Other Geometries

The simplest possible EMAR geometry, shown in Figure 3-4a, has been considered

above. It is worth considering then more complex geometries. The first geometry

considered below is a secondary flash, in which physically dissolved CO 2 remaining

in the liquid phase after the primary gas liquid separator is removed by a secondary,

low pressure flash. This will be shown to be an ineffective approach. What will be

shown to be effective is a novel cathodic absorption, which will be presented after

the secondary flash geometry.

Secondary Flash

The addition of a secondary flash as seen in the process flow diagram in Figure

3-5a is designed to remove physically dissolved CO 2 remaining in the liquid phase

after the primary gas liquid separation. The resulting electrochemical cycle, seen

in Figure 3-5b, has one more state than then simple EMAR cycle shown in Figure

3-2b, as the cathodic inlet is now at a lower CO 2 partial pressure than the anodic

outlet. A constant state of charge path is taken between these states with CO 2 partial

pressure dropping from PEMAR the secondary flash pressure. While this does result

in additional CO 2 release - notice the lower effective CO 2 loading after the secondary

flash in Figure 3-5b - there is an increase in electrochemical work of capture as

evidenced by the increased area between the anodic and cathodic paths.

The secondary flash necessitates two additional unit operations, a pump and a com-

pressor, as shown in Figure 3-6a. The compressor brings the low pressure CO 2 stream

up to PEMAR, whereas the pump returns liquid stream to that same pressure. As
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discussed above this secondary flash increases the electrochemical work of capture,

while releasing additional C0 2 , the result is a net little change in the molar elec-

trochemical work of capture for the EMAR cell. However, the additional pump and

compressor require addition work as secondary flash pressure decreases. Thus, the

addition of a secondary flash serves only to slightly increase operating and capital

cost.

Cathodic Absorption

As indication in Chapter 2, transitioning the EMAR cycle from a three-stage sys-

tem to a two-stage system, through the addition of a cathodic absorber significantly

improves the minimum work of capture. This could be accomplished by introducing

hollow fibers or some other monolithic membrane absorption structure into the ca-

thodic channel. This would modify the cathodic path, changing it from a constant

effective CO 2 loading, XCO2 O, path to a path with much higher CO 2 partial pressure.

Further, the constant state of charge absorption path would be removed. The result

shown, in Figure 3-7, is a shift of the cathodic path towards a much less negative

OCV, bringing the cathodic OCV closer to that of the anodic path. The decrease

in the electrochemical work of capture significantly increases the efficiency of the

EMAR cycle. The EMAR cycle with cathodic absorption is then similar to that

presented in Figure 2-3 from Chapter 2. The incorporation of a cathodic absorption

may also serve to decrease capital cost through process intensification.
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Summary and Conclusions

This chapter significantly expanded on Stern's thermodynamic analysis of the EMAR

process using the thermodynamic framework created in Chapter 2.27 The four key

process variables, three of which are independent, provided below were established

to describe the state of an EMAR stream.

Total Amine Concentration Amo = CAm + CAm(CO 2 )m + CCuIIAm2+
2/m

2C~ CIAm2jm

Copper Loading XCU - mA n mAmo

Effective CO 2 Loading xC0 2,0 = 
0C0 2 +mACo 2 > _ 00o

CO 2Partial Pressure Pco2  kHco 2

Using results from Chapter 2, the relationship between copper loading, effective CO 2

loading, and CO 2 partial pressure was defined. That relationship is given below.

KC02 PP02
xco 2 ,0 - kh,CO 2 PCO 2  (1 - xCU) ( KCo 2FJP 2

Further, it was demonstrated that stream composition as well as temperature im-

pacts the key process parameters of amine/CO 2 binding affinity, KC0 2 , as well as

the Henry's law coefficient, kH,co 2 . As demonstrated in Chapter 2, these process

parameters have a significant impact on the electrochemical work of separation for a

three-stage electrochemical carbon dioxide separations scheme like EMAR.

In order to determine the open circuit voltage (OCV) of an EMAR stream at a given

state Stern presented a relationship between OCV and CO 2 partial pressure. 27 A

non-dimensional version of that relationship is provided below.
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~ ~ -2/m

E E + In (xc) + In mmo In 1+ j ~ r ]
2F 2 1 + KC02 PP02.

Stern went on to describe the paths between states in an EMAR cycle as a series

of constant carbon dioxide partial pressure paths.2 ' This work expanded on that

approach by defining three paths, anodic, cathodic, and absorption. The anodic

path increased the copper loading, i.e. the state of charge, and consisted of two

stages.

Stage 1 Constant effective CO 2 loading path, while partial pressure of CO 2 increases

from Pabs to PEMAR

Stage 2 Constant partial pressure of CO 2 at PEMAR path, while effective CO 2 load-

ing decreases

After a gas/liquid separation, which did not affect the state of the liquid EMAR

stream, the cathodic path decreased the copper loading along a constant effective

CO 2 loading path. As a result, the CO 2 partial pressure, and thus the stream's OCV,

decreased. Finally, a constant state of charge absorption path increased the EMAR

stream's partial pressure to that which entered the anodic channel.

Using this thermodynamic framework it was shown that the total work of separation,

i.e. regeneration, compression, and pumping, is dependent upon copper loading shift

in the cell as well as desorption pressure. Pump work was especially sensitive to

these operating conditions. It was shown that significant penalty is applied to EMAR

systems which operate near boundary of the EMAR operating space given by the
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inequality below.

Axcu kh,CO2 (I3EMAR - abs

Two additional EMAR process flows/system geometries were considered by this chap-

ter. It was shown that a secondary flash, which may enable the removal of additional

physically dissolved carbon dioxide from the desorber, is less efficient that the tra-

ditional EMAR process flow scheme. However, it was demonstrated that pivoting

EMAR from a three-stage geometry to a two-stage geometry by incorporating a ca-

thodic absorption significantly improves thermodynamic efficiency of the cycle to say

nothing of the potential capital savings from process intensification.

The next chapter will explore transport phenomena with in an EMAR cell. Electro-

chemical kinetics within the EMAR cell are highly dependent on the OCV established

in this chapter. Unlike this chapter however, which describes the EMAR process on

a macro-scale, the following chapter explores transport behavior on a micro-scale

with specific emphasis on temperature distribution in an EMAR unit cell.
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Chapter 4

Transport Phenomena within an

EMAR Cell

Stern showed that the electrochemical kinetics of EMAR are highly temperature

sensitive, especially the cathodic reaction as seen in Figure 4-1. It is clear then that

temperature excursions, especially cooling, are of concern for the EMAR process.

This is compounded by the fact that the overall desorption reaction given below

is endothermic - as the absorption was exothermic - with a heat of reaction of 84

kJ/mol for a system using an EDA sorbent. 38

(EDA)C0 2  > EDA + CO2 AHc0 2 = 84 kJ/mol

As demonstrated by Stern, the temperature change in an EMAR cell is a function

of the voltage applied, AV, and the copper loading shift, Axc,, as well as this heat

of reaction.
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Figure 4-1: Current density as a function of over potential for an EMAR solution
at a variety of temperatures reveals temperature has a significant impact on electro-
chemical kinetics for EMAR. This figure is reproduced from Stern's PhD thesis.1

ATCeii =Amo (-AHco, + FAVceii) Axcu

While the endothermic reaction, denoted by the -AHco 2 term, serves to cool the

stream, joule heating, denoted by the FAVc1ei term, serves to reheat the solution.

For moderate unit cell voltages of around 0.5 V this may serve to decrease the

temperature of a stream entering the EMAR desorber by 20 *C. For a high voltage

of 1.0 V, the joule heating will dominate and increase the stream temperature by

about 5 C.

While we expect the anodic reaction which breaks an amine/CO 2 bond and forms

an amine/copper bond to be slightly endothermic, we expect the cathodic reaction

to be significantly endothermic, representing the bulk of the required 84 kJ/mol. As

the cathodic reaction is the most temperature sensitive, this is of particular concern.

Thus, this chapter discusses a coupled mass and heat transfer model for the flat plate

EMAR process, which will serve provide better understanding of the heat effects on
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an EMAR system and allow for optimization.

This model has been designed for a flat plate system in either a parallel or series

configuration. Details of the model including system geometry, governing equations,

and boundary conditions are discussed below. Further, the results of the model will

be compared to experimental results for validation purposes.

System Geometry

As will be discussed in Chapter 5, scaling up of the EMAR process will require as-

sembling the electrochemical system into a stack. Two possible system geometries

exist for an EMAR stack shown in Figures 4-2 and 4-3. The two geometries, parallel

and series, each have the same unit cell which will be described by the model be-

low. In parallel each copper plate has an external voltage applied to it, alternating

from positive to negative. In series potential is applied only at the ends of a stack,

making each copper plate bipolar. These bipolar plates undergo anodic and cathodic

reactions on either side which carries the current from cell to cell. For n cells in a

stack each with a voltage V and current I, the series configuration requires nV total

potential and I total current, whereas the parallel configuration requires V total

potential and nI total current. Both have the same power requirements.
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Each unit cell consist of five components, listed from left to right below.

Anode The electrode in which the anodic reaction occurs, increasing the copper

loading in the anodic channel and releasing CO 2

Anodic Channel The channel in which EMAR solution is exposed to the anode

Membrane A stagnant separator dividing the anodic and cathodic channels

Cathodic Channel The channel in which EMAR solution is exposed to the cathode

Cathode The electrode in which the cathodic reaction occurs, decreasing the copper

loading in the cathodic channel and freeing amines to capture CO 2

The model detailed below will consider the transport phenomena within the anodic

and cathodic channels as well as the membrane. The channels will be treated as open,

free for liquid to flow through, whereas the membrane will be treated as a stagnant

porous separator. The electrodes on the other hand will be treated as boundaries.

Notice that the unit cells for each configuration are identical, with the exception of

the electrode boundaries. In the parallel conformation both the anode and cathode

boundaries are symmetric, whereas the series conformation has a periodic boundary

condition at the electrodes. The resulting unit cell geometry including boundaries

and regions is given in Figure 4-3.

Model Overview

Generally, an electrochemical transport model can be thought of as a division of

applied unit cell potential, AVcei,, into overpotentials as given below.
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Figure 4-4: Unit cell geometry for EMAR transport model labeling both boundaries
and regions.

AIeii= sEeq + ?RXN + 11trans

Chapter 3 discussed the thermodynamic overpotential, AEeq, which will be of key

importance to this transport phenomena model. Aside from the minimum required

potential to complete the separation, electrical energy goes towards driving the elec-

trochemical reaction at the anodic and cathodic boundaries, ?)RXN, and transporting

redox active species or supporting electrolyte through boundary layers or the bulk.

This model will lump together transport resistances, which traditionally consider

transport though a boundary layer, and ohmic resistances, which consider transport

through the bulk, into simply 7tras, described by species and charge conservation

equations.

Boundary conditions will describe ?RXN by applying the Butler-Volmer equation to

the electrochemical reaction in equation 4.1.
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AmCu 2+(aq) + 2e + (CO 2 ) , ' Am * (aq) + Cu(s) (4.1)

where Am* represents all non-copper bound amines, that is free or bound to CO 2.

As in the thermodynamic section, CO 2 will be accounted for as a partial pressure of

C0 2 , thus the parenthesis above.

Species Considered

This model will explicitly track four chemical species throughout the geometry given

by Figure 4-3. These include the two aqueous species given in equation 4.1 as well as

cationic and anionic supporting electrolytes. In post processing, we may determine

the concentration of other species of interest by considering the amine binding affinity

relationship, equation 3.1b from Chapter 3, given below for convenience.

KC0 ,2  CAm(C0 2 ), PO
cAm Pco2

Applying the definition supplied above, namely cAm,* = cAm + CAm(C0 2 )m, we may

extract the following relationships based solely on amine binding affinity, CO 2 partial

pressure, and total non-copper bound amine concentration. Notice, as defined in

Chapter 2, PC0 2 = PC0 2 /PO-

K0 0 2 P0 0 2
CAm(C0 2 ). = K 0 2 P~0 2 CAm* (4.2)

"M 1 + KC02 PC02
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1
CAm CAm* (4-3)

1 + KC0 2 PC0 2

As in Chapter 3 dissolved, unbound CO 2 concentration may be monitored with the

Henry's law coefficient and the partial pressure.

Assumptions to be Made

The model described below assumes that the CO 2 partial pressure is maintained at

PCO2,anode throughout the anodic chamber, this is constant with most of the anodic

path for the EMAR process shown in Chapter 3. Further it is assumed that total

effective CO 2 loading remains constant throughout the cathodic chamber. For con-

venience we set the CO 2 partial pressure in the membrane to equal that of the anode,

though if internal membrane behavior is of interest, this could be replaced with a

diffusional model for CO 2. Importantly, as described below a diffusional model is

applied to the membrane for the supporting electrolyte and cupric species.

Further, the following additional assumptions are made in this model development

* For the parallel geometry no axial heat transfer occurs along the copper plate

" For the series geometry axial and transverse heat transfer occurs along the

copper plate

" No thermal heat loss occurs in the flash tank
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Governing Equations

Conservation equations discussed below govern the transport of species, charge, and

heat within an EMAR unit cell. These governing equations are divided into two

regimes: the channels, which are open and through which convection may occur,

and the membrane, which is porous and through with convection does not occur.

In total six partial differential equations will be established for each regime. These

correspond to four chemical species (amine + amine bound to C0 2 , amine bound to

copper, cationic supporting electrolyte, and anionic supporting electrolyte), charge,

and heat. Species conservation equations in concert with charge conservation estab-

lishes an electroneutrality condition, thus electroneutrality and species and charge

conservation are linearly dependent.39 Therefore, for simplicity the cationic support-

ing electrolyte governing equation will be replaced with an algebraic electroneutrality

condition in each of the regimes.

Anodic and Cathodic Channel Governing Equations

For some chemical species i, with the exception of the supporting cation as discussed

above, in the anodic or cathodic channels diffusive, migrative, and convective mass

transport terms govern its conservation as given in equation 4.4. No generation term

exists as it is assumed that all reaction is heterogeneous taking place at an electrode

boundary, rather than homogeneously in the bulk. Electroneutrality is also imposed

in the bulk as given in equation 4.5, ignoring double layer formation.

V - (-Di,Vci - zjum,FcjV~i) + u -Vci = 0 (4.4)
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Szici = 0 (4.5)

Similarly, charge conservation is subjected to diffusive and migrative transport terms.

The convective charge transport term, u E zici, is neglected as a consequence of

electroneutrality. Again no generation term exists. Charge conservation may be

also thought of as current continuity. Therefore, equation 4.6 is expressed a current

continuity equation as well as charge conservation.

V - ii = V - (F zi (-DiVci - zium,iFciV~) 0 (4.6)

The Einstein relation describes mobility as a function of diffusivity as given below.4 0

zi
um,i TDi

Unlike species and charge conservation, the governing equation for heat conservation

for this system includes a generation term in addition to diffusion and convection.

This generation term is a consequence of Joule heating. 41

ki V 2T + piC,u -VT = il - Vol (4.7)

In order to minimize model computational cost a parabolic flow profile from channel

inlet to channel outlet is imposed, eliminating the need to solve the Navier-Stokes

equation. The flow profile, given by equations 4.8 and 4.9, assumes a no slip condition
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at vertical channel boundaries.

Uanode X (1 - (4.8)
Heh H H h

6( X - (-H(H + H))
Ucathode = (X - (Hch + Hm)) 1 - (4.9)

HchHe

-Q

W -Heh

Membrane Separator Governing Equations

This model assumes a stagnant, porous membrane. As a result, the governing equa-

tion for species, charge, and heat established for the anodic and cathodic channels

above must be modified by removing the convective terms and correcting for the

diffusivity, thermal diffusivity, and mobility in a porous matrix.

The Bruggeman relationship, given below, describes the effective diffusion coefficient

of species i in a porous matrix, with a porosity E.4 ' As before the effective diffusion

coefficient is related to the effective mobility through the Einstein relation. The

thermal diffusivity is related in the same manner.

D,eff =- E3/2DI

In this regime, electroneutrality still holds. The modified governing equations for
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species, charge, and heat conservation are given in equations 4.10, 4.11, and 4.12

respectively.

V - (-Di,eff Vci - zium,,ef f FciV7l) = 0

V-ij = V (F IZi (-D,ef f Vci - zium,i,ef f FciVl)) = 0

keffV 2T = ii V171

(4.10)

(4.11)

(4.12)

Boundary Conditions

Inflow Boundary Conditions

Standard Dirichlet boundary conditions are applied to the anodic and cathodic chan-

nel entrances with respect to species concentration and temperature. Anodic inlet

concentration and temperatures are set as inputs to the model as given below.

CiIanode inlet = ci (0 < x < Hh, y = 0) = Cin

Tanode inlet = T (0 < x < Hh, y = 0) in
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Cathodic inlet conditions are set to the average of the anodic outlet conditions.

This assumes no thermal loss in the flash. As stated previously, we assume flow

in the cathodic chamber maintains a constant effective CO 2 loading, which may be

calculated from average anodic outlet conditions using equation 3.3 from the previous

chapter.

CiIcathode inlet = ci (Hch + Hm < x < 2Heh + Hm, y = 0)

ave (Ci|anode outlet) = ave (ci (0 < x < Hch, Y = L)) i$ CO 2

0 i=C0 2

T cathode inlet = T (Hch + Hm < x < 2Heh + Hm, y = 0)

= ave ( TIanode outlet) = ave (T (0 < x < Hch, Y L))

The membrane boundary at the inlet is assumed to be impermeable and adiabatic

as given below.

n - (DVci (Heh < x < Hch + Hm, y 0)) = 0

n - (kVT (Hch < X < Hch + Hm, y 0)) = 0

These boundaries are considered electronically insulating, that is, there is no current

across them.
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n - ilet , = n - ii (x, y =0)= 0

Outflow Boundary Conditions

Standard Neumann boundary conditions are applied to the anodic and cathodic

channel exits as well as the membrane boundary near those exist. Namely, the heat

and species diffusive fluxes are set to 0. As before these boundaries are considered

electronically insulating, that is, there is no current across them.

n- (DiVci (x, y = L)) = 0

n (kVT (x, y = L)) =0

n - il (x, y = L) = 0

Anodic and Cathodic Boundary Conditions

There are 3 separate boundary conditions applied to the anode and cathode bound-

aries. These include those for concentration, charge (current), and heat. All three

of these are coupled, as faradaic reactions involve both current and species and gen-

erate (or remove) heat. The rate of faradaic reactions, and therefore, the boundary
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conditions for concentration and charge are given by the Butler-Volmer equation,

provided in Equation 4.13.

*[ (1 -ca)rnF N -ariF
Z1 ic=o exp aT r i) - exp ( T l (4.13)

hO [~ RT RT

n - il = eC

n - Ni oc

nF

There is a heat of reaction for both the anodic and cathodic reactions. As stated

previously, the cathodic reaction is much more endothermic than the anodic reaction.

In addition, there is Joule heating associated with the overpotential at each electrode.

The series geometry employs a period boundary condition, which results in heat

transfer between electrodes. This heat transfer is approximated assuming the copper

plate is a very good conductor. The parallel geometry on the other hand has a

symmetric boundary condition and therefore has no heat transfer between electrodes.

The boundary conditions for the parallel and series geometry for the anode and

cathode are given in Equations 4.14 and 4.15 respectively.
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( VHkc- 2)+ (Tc - T) series
n-(kV T) = (Os - $1 - Oeq ) iloc- 1C( A HCO, + Hf,Cu-Am) + Hcu/

F (0 parallel

(4.14)

Hkcu/2 (Tcu - T) series
n - ( kV T) = ($s - $1 - Oeg ) iloc + ZC( Hf,cu--AM) + W""/

F 0 parallel

(4.15)

Where Tcu is the average copper temperature (average of anode and cathode skin

temperatures), kcu is the heat transfer coefficient for copper, and Hcu is the thickness

of the copper.

Butler-Volmer Parameters

The exchange current density, io, and the electron transfer coefficient, a, are based

off of Stern's work.1 The exchange current density is scaled as shown in Equation

4.16, to account for different concentrations and temperatures at the boundary.

io OC (1 - XCu)1 (Xcu) 3/ 4  E" (4.16)
RT

The equilibrium potential for an EMAR solution was solved for in the previous

chapter, see equation 3.13. This equilibrium potential is a function of CO 2 partial

pressure which as been assumed to be a constant PC02,anode for cathode and may
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be calculated using equation 3.4 from the previous chapter for the cathode. This is

under the assumption that effective CO 2 loading does not change along the cathodic

path. Equation 4.17 give this equilibrium potential.

- - 2/m

+RT [n(x) lnmAmo In InAmo (1 - xc)]2/.17

# = #+ Ln(1c+K+00n-PIn1 +J (4.17)2F 2 1 + KC02 PP02

Remixing Turns

The geometry shown in Figure 4-4 is, of course, a simplification of the actual geometry

of an EMAR cell, which is detailed in Chapter 5. In reality the anodic and cathodic

paths are baffled, creating a slightly more tortuous path. It has been assumed in the

past that the presence of baffles creates remixing regions for the fluid.2 In actuality

the Reynolds number for fluid in an EMAR cell is quite low, between 1 and 20,

securely in the laminar flow regime and nearly in the stokes regime. With inertial

forces playing such a minor role, the remixing seen in other, more turbulent, regimes

is not seen in the EMAR process.

This is made clear by a CDF model which tracks the fluid velocity and resulting

streamlines within an EMAR cell. Figure 4-5 shows the result of applying the Navier-

Stokes equation to the series geometry seen in Chapter 5, which demonstrates no

remixing.

The baffles in an EMAR cell then serve only to prevent channeling and and provide

structure to the membrane separating the anodic and cathodic channels. Therefore,
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Figure 4-5: Streamlines of fluid passing along an EMAR baffle show no remixing.

no intermediate mixing has been assumed for the EMAR process, despite the presence

of baffling.

Solver Method

A finite element approach is employed in the Comsol Multiphysics computing plat-

form. Free-triangular meshing for the regions shown in Figure 4-4, where the y-

dimesion has been scaled to account for the large channel length to depth ratio, is

assigned. A typical meshing strategy is shown in Figure 4-6, however it is modified

as needed when geometrical changes, i.e. path length, are made.

Parameters Used

Table 4.1 gives the parameters used for the model described above. These parameters

were meant to reflect the dimensions of EMAR 8.x described in Chapter 5 for all

values other than the total length.
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Figure 4-6: Free tiangular meshing scheme employed by model.
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Symbol
CAm,in

CNaNO3,in

Di

Ea

F
Hch
Hm

Hf,Cu-Am

io

kH,00 2

Lch

Q
Tin

AVceii

W

xcu,in
a
Em

q0
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ReferenceName
Inlet amine concentration
Inlet supporting electrolyte
concentration
Diffusivity coefficient for all
species, i
Activation energy for
electrochemical reaction
Faraday's constant
Channel thickness
Membrane thickness
Heat of reaction C0 2-Amine
Heat of formation Cu-amine
per amine
Exchange current density at
xcu = 0.5 and T = 328.16 K
Amine binding affinity
Dimensionless Henry's Law
coefficient
Channel length
Volumetric flow rate
Inlet temperature
Cell voltage
Channel Width
Inlet copper loading
Electron transfer coefficient
Membrane void fraction
Reference potential

Value
I M
1 M

1 x 10-9 m 2 . -1

50.7 kJ -mol '

96,485.33 C - molb1

0.0625 in
0.005 in
-85 kJ - mol- 1

20 kcal mol-1

1.45 A M-2

500
0.05

2 m*
10 ml -min-'
318.15 K
1.0 V*
0.484 in
0.4
0.31
0.5
0.337 V

Table 4.1:
propriate.

1

Parameters used for EMAR transport model, with references where ap-
*These inputs may vary as noted in the results below.

38

43

1
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Model Results

A summary of results from the model provided above is discussed below. Just as

the governing equations are organized by species conservation, charge conservation,

and heat conservation, so too are the profiles presented below. Of the three, the

temperature profile is most susceptible to system geometry. This results from the

fact that the electrode boundary condition either insulates or transmits heat from

one electrode to the other, for the parallel and series geometries respectively. The

same cannot be said for either mass or charge as there is neither mass flux between

electrodes or ionic current (though electric current drives the electrochemical reac-

tion). Still species and voltage profiles are slightly impacted by geometry in that the

electrochemical kinetics are dependent on temperature, which is in turn geometry

dependent.

Therefore the more simple species and voltage profiles are discussed first, followed by

the temperature profiles. Further experimental results are provided to help validate

the model.

Species Concentration

As stated previously, species concentration profile only slightly depends on system

geometry. The results below are presented for the series geometry, but are similarly

a reflection of the parallel configuration. As expected, anodic boundary layers are

seen for copper-amine complex formation and amine-CO 2 complex depletion. Cor-

respondingly, cathodic boundary layers exist for free amine generation and copper-

amine complex consumption. Supporting electrolyte concentrations show the same
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boundary layer formation. Similar to that seen in the thermodynamic cycle, the

cathodic path shows an initially high CO 2 partial pressure which rapidly decreases

with decreasing state of charge.

Species conservation governing equations and charge conservation equations are lin-

early dependent as discussed previously. Therefore, from the results provided in

Figure 4-7 we can determine the voltage profile in an EMAR cell. Figure 4-8 shows

the electrolyte profile which results from a AVce, 1 V simulation where the cathode

is set to 0 V. As discussed previously, cell voltage can contribute to thermodynamic,

kinetic, or transport overpotential - ohmic losses for this model are lumped into

transport overpotentials, and bubble overpotential are ignored - as given below.

AVell = AEeq + rRXN -
7 trans

As Figure 4-8 shows that the transport overpotential, which is the additional voltage

required to drive species through a boundary layer or through the bulk (ohmic over-

potential), is very small. The difference between maximum and minimum electrolyte

potential is 0.17 V, a small fraction of the overall 1.0 V. Equilibrium overpotential is

discussed in Chapter 3 and is small as well. As a result kinetic overpotentials, r/RXN,

dominate and may be improved by increased electrode surface area.

As seen in Figure 4-9 anodic and cathodic current densities mirror each other and

decrease in absolute value as they move away from the inlet.
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Figure 4-8: Electrolyte potential in an EMAR unit cell, with anodic electrode on left
and cathodic electrode on right.
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Figure 4-10: Effect of inlet copper loading and voltage on current density in an
EMAR cell, as predicted by the transport model and seen experimentally.

Experimental Comparison

Executing this model for a variety of unit cell potentials and inlet copper loadings,

under conditions similar to that seen in the EMAR 8.2 apparatus discussed in Chap-

ter 5, reveals additional system behavior and allows for model validation. Figure 4-10

shows the model prediction for unit cell current density at a variety of potentials for

a span of copper loading conditions, along with the experimentally measured results.

The model and experiment show qualitative agreement and indicate a preference for

operation at moderate anodic inlet copper loadings.

The deviation between the model and the experiments seen at high copper loadings

and high potentials may be caused by one of several issues.
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" At high voltages adverse side reactions, especially cathodic side reactions, may

consume faradaic efficiency and inflate current density. This particular experi-

ment was run using a sodium nitrate supporting electrolyte which may undergo

the following side reaction.

N03 (aq) + H20+ 2 e- NO 2 (aq) + 2 OH- (aq)

Cu2+(aq) + OH-(aq) , Cu(OH) 2 (s) , - CuO(s) + H2 0

Further credence is given to this mechanism when one looks at Figure 5-14

from Chapter 5, which shows a cathodic electrode which has formed a copper

oxide layer

" At high copper loadings, EMAR fluid .has very low CO 2 capacity which may

have been desorbed by as much as 5% during the course of a high copper

loading experiment. The result would be a decreased CO 2 partial pressure and

a significant decrease in anodic open circuit potential, driving up the current

density, but decreasing the faradaic efficiency.

" At high voltages with large CO 2 degassing rates it is possible that the anodic

boundary layer is disrupted by bubble induced advection, decreasing the trans-

port overpotential. The result would be an increase in current density, without

a change in faradaic efficiency.

Figure 4-11 shows the effect that this inlet copper loading has on anodic and cathodic

overpotentials. As Stern predicts, cathodic overpotentials dominate at all but very

high copper loadings.1
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Temperature

Unlike the species and voltage profiles, the temperature profiles are highly dependent

system geometry. For the parallel geometry, differing anodic and cathodic kinetic

overpotentials as well as current distributions result in varied cooling due to heat of

reaction or Joule heating at boundaries. In this geometry no heat transfer occurs

between electrodes and it is assumed no axial heat transfer occurs along the copper

plate. In this sense, the parallel geometry represent the most severe possible condi-

tions for temperature gradients. Conversely, the series geometry which has a periodic

boundary condition and allows for both axial and transverse heat is the least sever

condition. This is reflected in the temperature profiles shown in Figure 4-12.

As discussed previously the overall temperature change seen in flow through the

desorber is given by

ZATcei = AmO (-AHco 2 + FAVceii) Axcu

For most cell voltages, ATceii is negative and thus the stream cools as in Figures

4-12a and 4-12b. However, if AVceii > AHCo 2/F, which for the case of EDA is

AVcii > 0.88 V, a stream entering the desorber will increase in temperature. The

model predicts this behavior as seen in Figures 4-12c and 4-12d.
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Figure 4-12: Temperature distribution profiles (red indicating hot, blue indicating
cold) show a more severe temperature distribution within an EMAR unit cell for the
parallel geometry as compared to the more homogeneous series geometry at both
moderate (0.5 V) and high (1.0 V) operation. The three regions shown in each figure
from left to right are: anodic channel, membrane, cathodic channel.
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Summary and Conclusions

Chapter 3 established the thermodynamic minimum work of separation for an EMAR

cycle. This chapter expanded on that work by considering the transport phenomena

encountered in an EMAR unit cell. Particular emphasis was placed on heat con-

servation, as EMAR kinetics, especially cathodic reaction kinetics, where shown by

Stern to be particularly temperature sensitive. An endothermic desorption combined

with a system that behaves nearly adiabatically - a result of scale up - presents the

opportunity temperature excursion zones within an EMAR cell. This is mitigated

slightly by Joule heating, a function of cell voltage, with will serve to reheat the

system.

A transport model was built which considered two possible EMAR stack geometries,

parallel and series shown in Figures 4-2 and 4-3. Of the two, parallel represented the

most severe possible conditions for temperature gradients as a symmetric boundary

condition precluded heat transfer between electrodes and no axial heat transfer was

assumed along the copper plate. On the other hand, the series geometry represented

the least severe temperature gradient condition as axial and transverse heat transfer

occurred through the copper electrodes.

In addition to heat conservation, the transport model tracked current and four species

concentrations, namely the copper-amine complex, non-copper bound amine, sup-

porting anion electrolyte, and supporting cation electrolyte. Further, species con-

centration of CO 2 bound amine and free amine was inferred using equations 4.2 and

4.3 in conjunction with amine-CO 2 binding affinity, Kco 2 , and CO 2 partial pressure,

P 0 2 . Boundary conditions were established which reflected an EMAR unit cell and
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heat transfer conditions described above. Of note, anodic and cathodic boundary

conditions were established using the kinetics investigated by Stern. 1

The result was a model which showed the formation of anodic and cathodic boundary

layers and indicated the dominate overpotential was kinetically driven. This leads to

the conclusion that EMAR cells may be improved in the future by increasing electrode

surface area, since transport resistances represented only a minor overpotential loss.

As expected the parallel geometry shows more extreme temperature gradients than

the series geometry. Further, at a moderate cell voltage of 0.5 V the desorption

stream cooled while passing through the EMAR cell, while at a high voltage of 1.0

V the desorption stream slightly increased in pressure.

Chapter 5 will detail the EMAR stack design and control scheme for which this model

was built. It will also provide a brief history of past EMAR cell designs as well as

suggestions for future work which should consider the results from this transport

model.
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Chapter 5

Cell and System Design for the

EMAR Process

The previous chapters have established the thermodynamic and transport behavior

of the EMAR process. This chapter will detail previous efforts made to produce a

working proof of concept EMAR device as well as current efforts to scale up and

make more robust the EMAR desorber and the process flow scheme which supports

the desorber.

First, the process flow scheme within which an EMAR cell operates will be intro-

duced. Specifically the control scheme, which sets flows to the EMAR desorber and

controls auxiliaries, as well as the system's process automation, which facilitates

experimental work for the EMAR process, will be dissected.

This chapter will then shift focus to the EMAR desorber itself. The anatomy of

an EMAR cell will provide the context through which two types of designs will
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be discussed: single cell and stacked systems. Single cell systems were previously

constructed by first Stern, followed by Mystic River Engineering under the guidance

of Eltayeb. A brief history of these single cell systems is provided. The bulk of

this chapter is dedicated to the design, construction, and testing of stacked EMAR

systems, whose geometry was introduced in Chapter 4.

Specifically, two stacked geometries will be discussed: parallel and series. The par-

allel configuration requires low voltage, high current operation, whereas the series

configuration allows for high voltage, low current operation. The internals of EMAR

stacks based on these two geometries are discussed. A brief introduction will be

made to a system which employs an absorber which may scale to match the desorp-

tion capacity of the EMAR desorber stack.

Finally, this chapter will provide experimental results based on the two EMAR stack

geometries. These experiments will serve to verify the efficacy of the model developed

in Chapter 4, use test the EMAR stack design, and explore the behavior of the

EMAR process on a larger scale. A brief description of an EMAR experiment will

be provided as well.

EMAR Process Flow Scheme and Process Automa-

tion

An EMAR process requires at minimum an EMAR cell, a flash tank, an absorber,

and pumps to transport fluid between these units. The design and function of the

electrochemical cell are provided in detail below. Therefore, this section will describe
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Figure 5-1: Process flow diagram for EMAR experimental apparatus.

the auxiliary components required to operate an EMAR process as well as that

process's automation. Figure 5-1 gives the current, at the time of this writing,

process flow diagram for the EMAR process. The absorber, which consist of a three

neck flask fitted with gas and liquid ports, receives an amine flow from the cathodic

outlet of the EMAR cell. In the absorber, amines freed by the cathode, are contacted

by carbon dioxide and bound. Excess CO 2 is vented off while CO 2 loaded amines

are sent to the anodic channel of an EMAR cell. After CO 2 release in the anode, the

gas liquid mixture is disengaged in the flash tank, which like the absorber is a three

neck flask. Liquid leaving the flash tank is feed to the cathode, refreshing amines for

capture, before returning the stream to the absorber.

Flows are controlled by two peristaltic pumps: FCOO1 and FC0002. FC001 is a single

head pump whose flow is manipulated by a level controller on the absorber. Level in

the absorber is determined via a standard bubbler configuration, by measuring the
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Figure 5-2: A screen shot of the EMAR process control and automation system built
in LabVIEW.

pressure difference between inlet CO 2 , which enters at the bottom of the flask, and

outlet CO 2. The detuned level controller, LCOO1, serves to maintain a mass balance

in the system without requiring excess flow rate excursion in FCOO1 in response to

system disturbances or calibration differences between FC001 and FC002. FC002 is

a two headed pump which controls both cathodic inlet and cathodic outlet flows. As

both of these flows are liquid this two headed configuration ensures equal inlet and

outlet flows in the cathode, i.e. no bulk liquid crossover from the separator. With

three of the four EMAR cell streams controlled all degrees of freedom are satisfied,

and anodic outlet stream which is a gas-liquid mixture remains uncontrolled.

The whole EMAR process is controlled, automated, and recorded within LabVIEW.

A screen shot of this governing program is given in Figure 5-2. A National Instru-

ments DAQ as well as a number of serial ports are used to monitor and control all
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Membrane Anode

Cathode Membrane Anode

Figure 5-3: An EMAR unit cell consist of (from right to left) an anode. an anodic
channel, a membrane. a cathodic channel. and a cathode.

of the components see in Figure 5-1, which include: pump direction, run status,

and flow rate, differential pressure level indication, gas flow status and rate, applied

potential, and applied current. The LabVIEW program acquires and automatically

stores process data and controls all fields shown in white on Figure 5-1. Further,

the system is fully automated, allowing for experimental recipes to be loaded and

executed. A second phase of this design will allow for automated cell polarity and

anodic/cathodic flow switching, to be used during long time frame cycleability ex-

periments.

Anatomy of an EMAR Cell

An EMAR unit cell, shown in Figure 5-3, consists of 5 regions.
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Anode A copper electrode where a positive potential is applied, oxidizing copper

and driving the release of CO 2 .

Anodic Channel A channel through which EMAR fluid from the absorber flows

and is exposed to the anodic desorption before being sent to a flash tank for

CO2 removal.

Membrane A separator which serves to disrupt the transfer of CO 2 released at the

anode to the cathode where it could otherwise be reabsorbed.

Cathodic Channel A channel through which EMAR fluid from the flash tank flows

and is exposed to the cathodic amine regeneration before returning to the

absorber for CO 2 capture.

Cathode A copper electrode where a negative potential is applied, reducing the

copper-amine complex and regenerating amines for capture.

Initial EMAR designs by Stern and Eltayeb, discussed below, employed a single unit

cell geometry and therefore had only one of each of the five regions. However, scale

up of electrochemical systems requires a shift from a single unit cell geometry to

a stacked cell geometry like that given in Figure 5-8. As will be discussed below

stacked electrochemical systems may be operated in a series configuration, which

requires high voltage but low current, or in a parallel configuration, which requires

a high current but low voltage.
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Single Cell EMAR Designs

The first proof of concept EMAR design, which was a single unit cell system, was re-

ported by Stern et al. in 2013.24 That reported design was EMAR 4. What follows

is brief history of single cell EMAR designs, beginning with Stern's original work.

Other systems discussed in this section are those designed under the management of

Eltayeb and Shaw (author).2

EMAR 2 and EMAR 3

EMAR 2 consisted of two polypropylene support structures, which were both chem-

ically inert and electrically insulating. These support structures contained 0.5 inch

channel cuts which each housed a typically porous electrode. Support structures with

a membrane separator where bolted together and sealed via a racetrack o-ring. As

seen in Figure 5-4a inlet flows entered from a port in the bottom of the polypropylene
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support and exited from the top, ensuring a liquid full channel. EMAR 2 suffered

primary by way of its large channel depth, which resulted in high ohmic resistances

upon operation. Further, the relatively small electrode size, as compared to the sys-

tems that will be discussed below, minimized the copper loading shift possible for

this system.1

EMAR 3 employed a similar geometry to EMAR 2, replacing the polypropylene

supports with the slightly less chemically stable but easier to machine polycarbonate.

The channel depth was significantly decreased, while the channel surface area was

significantly increased. EMAR 3 allowed for both flat plate and porous electrode

operation. This design however suffered from leaking primarily from the port, not

seen in Figure 5-4b, which provided current to the electrodes.1 This issue would be

solved in EMAR 6 which would utilize a modified compression fitting to seal a current

collecting stem. Both EMAR 2 and EMAR 3 employed a Nafion membrane which

would be replaced with porous polypropylene or filter paper in future generations.

EMAR 4 and EMAR 5

EMAR 4 and EMAR 5 represented a significant design shift for the EMAR process.

Instead of utilizing a support structure which doubled as a flow channel, EMAR 4,

seen in Figure 5-5a, employed an aluminum chassis which acted also as a current

collector for the electrodes. For EMAR 4, two flat copper plates are laid in electrical

contact with two aluminum chassis. Two silicon or Teflon gaskets with a porous

polypropylene membrane in between separated the two electrodes and created the

anodic and cathodic flow paths. The aluminum supports were then bolted together

utilizing insulating washers and bolt covers, thereby preventing a short between the
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(a) EMAR 4.0' (b) EMAR 5.02

Figure 5-5: EMAR 4.0 was designed by Stern and EMAR 5.0 was designed by Mystic
River Engineering under Eltayeb management. This figure is reproduced from Stern's
PhD thesis and Eltayeb's PhD thesis.' 12

two current collectors. As before., flows entered from the bottom and exited from

the top. This geometry, while not as simple to seal as the racetrack o-ring geometry

offered a few key advantages over EMAR 3. Namely the silicon or Teflon gaskets

could be cut into different shapes thereby allowing for different channel thicknesses

and flow fields, both of which were fixed in EMAR 3. Further this more robust design

did not suffer from the current collector leaking that EMAR 3 experienced.1

Still, EMAR 4 was not without its downsides. Lack of membrane support resulted

in flow field disruptions as the membrane collapsed towards one electrode or the

other. This was corrected using an inert filler which provided nucleation sites for

dendrite growth. Further the electrical connection was poor and required frequent

manipulation and the liquid ports leaked at times. 2

EMAR 5, designed by engineering consulting firm Mystic River Engineering under

Eltayeb's management and seen in Figure 5-5b, improved on EMAR 4's design by

introducing a more robust, leak free geometry. No longer was the aluminum chassis
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used as a current collector. Instead it was electrically insulated from the copper plate

electrodes using a silicon rubber backing. Current was brought to the electrodes via

a brazed copper wire connection, which removed the need for solder. The customized

gasket/flow channels separated by a porous polypropylene membrane remained and

allowed for design flexibility. The gasketed flow channel design employed by this and

the previous EMAR generation, had a significant flaw in that the comprehensibility

of the channel meant that channel with was strongly a function of torque ratio. This

design was utilized for the bulk of Eltayeb's work. 2

EMAR 6

EMAR 6, also designed by Mystic River Engineering under Eltayeb's management,

represented another significant shift in EMAR cell design. As seen in Figure 5-6,

EMAR 6 employed multiple electrically insulated electrodes exposed to both the

anodic and cathodic channels. It kept the gasket/flow channel design, but entirely

changed the method of supplying current to the cell. Current was provided via posts

which passed through an insulating support layer - which itself held the electrodes in

place and insulated - and through a modified compression fitting which provided the

seal. This current collector configuration would be used heavily in subsequent EMAR

designs. Again, an aluminum chassis provided structural support, while allowing for

access to the current supply posts as well as to compression fittings used for liquid

flow.

By independently supplying current to each of four electrode pairs, this novel design

allowed for discretized, axial resolution for the current density at each electrode. This

allowed the user to more precisely determine the effect of channel depth and flow field
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Figure 5-6: EMAR 6.0 was designed by Mystic River Engineering under Eltayeb
management. It incorporated multiple insulated electrodes which allowed for axial
current density resolution. This figure is reproduced from Eltayeb's PhD thesis 2
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on faradaic current. Still, EMAR 6 was not without it's flaws. It's modular flexibility

resulted in a difficult to assemble system and the gasket/channel flow architecture

was prone to leaks as it had been in the previous designs. Further, the compressibility

of the flow channel remained a source of significant variability in this EMAR stack,

as it had for EMAR 4 and 5. For this reason, all future EMAR designs would employ

a racetrack o-ring system seen in EMAR 2 and EMAR 3.

EMAR 7

EMAR 7, designed by Mystic River Engineering under Shaw's (author) management,

was the first, and to date the only, EMAR cell designed to operate a high EMAR

desorption pressures - up to 12 bar. As shown in Figure 5-7, this design employed two

polyether ether ketone (PEEK) support structures each with interlocking racetrack

o-rings. As in EMAR 3, a flat plate electrode was inserted into a channel cut into

the support structures and secured using inert PEEK screws. A replaceable silicone

electrode backing allowed for manipulation of the channel depth. As in the EMAR

6 system, current was carried to the electrodes via a post sealed using a modified

compression fitting.

The compact design of EMAR 7 allowed for this system to be applied to novel elec-

trochemical systems, where only small liquid quantities were available, for example

ionic liquid based systems. Further, the small flow channel width minimized channel-

ing. The system's small size however made it unfeasible for use on scaled-up EMAR

processes which will be discussed below.
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Figure 5-7: EMAR 7.0 was designed by Mystic River Engineering under Shaw's

(author's) management. It allowed for high pressure EMAR experimentation. This
figure is reproduced from Eltayeb's PhD thesis2
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(a) Parallel Configuration (b) Series Configuration

Figure 5-8: EMAR stack configurations arranged parallel and series, with voltage
profile shown in maroon and unit cell boxed in center.

Stacked EMAR Designs

In order to scale up the EMAR process, EMAR designs starting with EMAR 8.x

transitioned from a single unit cell to a stack geometry. As discussed previously, the

EMAR process may be arranged in an electrochemical stack in two different config-

urations: parallel and series. Figure 5-8 shows the configuration and voltage profile

for each of these geometries. A parallel configuration alternates voltage between

consecutive mono-polar copper plates. Each plate then acts as either an anode or

cathode, with the same anodic or cathodic flow on either side. A series configuration

on the other hand cascades voltage from one side of the stack to another, with each

copper plate acting as a bipolar plate. Each plate in the series geometry then acts

as an anode on one side and a cathode on the other.

Notice, each geometry has the same unit cell. Consider a stack of n unit cells, in
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which a single unit cell with cell voltage Vc, 1 draws a current of icel. As seen in

Figure 5-8a, in the parallel configuration the stack will require a voltage of Vcii and

a current of nIcell. The series configuration, shown in Figure 5-8b, on the other hand

will require a voltage of nVcii and a current of 1ce1. While the parallel stack operates

at a low voltage and the series at a low current, they both operate at the same total

power, nVcelllceii.

With this in mind, EMAR 8.x was designed as a stack to operate in either parallel

or series configurations. The manifold structure described below directs flows and

currents as prescribed by Figure 5-8.

EMAR 8.x

The EMAR 8.x stack in either configuration is consists of alternating copper plates

and membrane separators, which may be either porous polypropylene or filter paper.

The copper plates are placed in polycarbonate channel supports, which strategically

manifold flow appropriately to cathodic and anodic flow channels. Copper plates

have polypropylene baffles attached with adhesive which as discussed in Chapter 4

provide support to the membrane separator and prevent channeling. The resulting

active surface area for electrochemical reaction per electrode face is approximately

70 cm 2 , approximately matching that for the previous EMAR designs.

EMAR 8.1 is a parallel configuration. As seen in Figure 5-8a, for the parallel config-

uration anodic flows must be sent to both sides of an anode - similarly for a cathode

and cathodic flows. The support plate show in Figure 5-9a accomplishes that task.

Consider an anodic flow entering the bottom left of that support plate, while ca-
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(a) EMAR 8.1 Parallel Plate (b) EMAR 8.2 Series Plate

Figure 5-9: EMAR 8.x can be run in as a stack either series or parallel configuration.

Plates strategically manifold flows such that anodic streams are exposed to anodes
and cathodic streams are exposed to cathodes.

134

00
000



thodic flows enter the bottom right. Anodic flows would be exposed to both sides of

the electrode while following up to the exit on the top left. Cathodic flows one the

other hand will bypass the anode entering a cathode - rotated 180 degrees from that

shown in Figure 5-9a. In this configuration, current is supplied via a side port.

EMAR 8.2 on the other hand is a series configuration. As seen in Figure 5-8b, for

the series configuration anodic flows must be sent to one side of a bi-polar plate

while cathodic flows are sent to the other. The support plate show in Figure 5-9b

accomplishes that task. Consider an anodic flow entering the bottom left of that

support plate. That anodic flow would be exposed to the front facing side of the

electrode before exiting from the top left. Similarly a cathodic flow entering the

bottom right this support plate would be exposed the the rear facing side of the

electrode seen in Figure 5-9b. Unlike the parallel configuration no current need be

supplied except at the end plates which employ a modified geometry.

Appendix A provides engineering drawings for EMAR 8.1 and 8.2 support plates,

copper plates, end plate, baffles, and support structure.

Figure 5-10 shows how the support plates shown in Figure 5-9 may be manifolded in

to an EMAR stack. This manifold bears similarity to a flat plate heat exchanger in

that one stream , without loss of generality the anodic stream, enters the bottom left

of the stack and is exposed to all anodes before leaving from the top left, similarly for

the cathodic flows and the right. The result is a compact system which appropriately

segregates anodic and cathodic flows and provides far more electrode surface are than

previous designs with a simple scale-up method.
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(a) EMAR 8.x Stack Exploded View (b) EMAR 8.x Stack

Figure 5-10: An EMAR 8.x stack consists of alternating electrode plates and mem-
branes strategically manifolded in a geometry similar to that of a flat plate heat
exchanger. It, may be easily scaled up by adding additional electrodes to the stack.

EMAR 9

EMAR 8.x outperforms the three neck flask used as an absorber and shown in Figure

5-1. That is, the electrochemical desorber desorbs significantly more CO. than the

absorber may uptake. Therefore EMAR 9. rather that redesigning the desorber.

incorporates a sub-pilot scale absorber as shown in Figure 5-11.

EMAR Experimental Work

EMAR 8.x discussed above has been the focus of experimental work used to verify

the efficacy of the model developed in Chapter 4, use test the design., and explore
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Figure 5-11: Absorber for EMAR 9.0
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the behavior of the EMAR process on a larger scale. Below is a description of the

typical experimental methods used in testing EMAR 8.x as well as a summary of

the results seen from this experimental work, some of which is introduced in other

chapters as well.

Experimental Method

In preparing for an EMAR experiment, care must be taken in electrode preparation,

stack assembly, and solution preparation.

Electrode Preparation

Prior to assembly in a stack, electrodes have their baffles removed and are polished

with a medium grit sandpaper to a bright finish. Electrodes are then exposed to a

0.1 M nitric acid bath, which removes oxides or other contaminants from previous

experiments, for at least 10 minutes. Electrodes are then washed with deionized water

before being promptly dried with a paper towel to avoid oxidation. Polypropylene

baffles are then adhered to both sides of the copper electrodes in the manner seen in

Figure 5-12 using super glue or a similar adhesive. Electrodes with baffles are then

placed in polycarbonate channel supports and an o-ring is added to the support's

racetrack. In the parallel configuration, copper wires which supply the current are

connected to the copper plate and the channel supports by two set screws seen in

Figure 5-9a. End plate electrodes are prepared in nearly the same manner except

baffles are placed on only one side and a current providing rod is connected to the

opposite side of the baffles. See Appendix A for more details.
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Figure 5-12: EMAR 8.2 electrode with baffles and support plate.
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Figure 5-13: EMAR 8.2 stack being assembled along guide bolts.

Stack Assembly

The stack is assembled via a layer-by-layer method in which polycarbonate channel

supports are stacked one on top of the other with a separator in between. Guide

bolts - the flat head machine screws in Figures 5-10a and 5-13, are used to ensure

all stacks line up appropriately. The separator may be one or more sheets of either

porous polypropylene or filter paper. The 14 bolts on the periphery of the EMAR

stack in Figure 5-10b are tightened to a torque of 10 lb.in per unit cell. Therefore if

a stack consists of five unit cells - four bipolar electrodes and two end plates - each

of the 14 bolts is tightened to a torcfue of 50 lb.in.
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Species Concentration

Ethylenediamine 1 - 2 M
Copper Nitrate 0.1 - 0.8 M
Sodium Nitrate 1 - 2 M

Table 5.1: Typical EMAR solution concentrations. Notice, one cupric ion binds 2
EDA molecules so 0.2 M copper nitrate in a 1 M EDA solution corresponds to 40%
loading.

Solution Preparation

An EMAR solution consists of water, amine (typically EDA), copper salt, and sup-

porting electrolyte. Generally the copper salt is picked to compliment the supporting

electrolyte. For example cupric nitrate would be used if the supporting electrolyte

chosen was sodium nitrate. Table 5.1 shows typical EMAR solution compositions.

After the solution has been prepared, it is saturated with carbon dioxide by bubbling

until the pH reaches near neutral. In the event that the feed gas to the absorber is

a mixture rather than pure C0 2 , the EMAR solution should be pre-saturated with

the same mixture rather than pure CO 2 - this will influence the final pH.

EMAR Operation

With the EMAR solution pre-saturated, the absorber is filled an flows are started.

Figure 5-14 shows EMAR 8.2 in operation, with the absorber and FC001 on the right

and the flash and FC002 on the left. The control scheme discussed previously allows

for a variety of experiments to be run including modification of voltage, current, and

flow rates all in an automated fashion. Yet to be automated for this system is the

polarization and flow channel switch that must occur to maintain a copper balance
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Figure 5-14: EMAR apparatus showing absorber and anodic flows on the right and

cathodic flows and flash tank on left.

during long term operation. This switch may be easily done manually as the quick

disconnects which provide flows to the stack come with automatic shut off upon

disconnect.

Post Experiment Tear Down

After an experiment is completed the system is drained, water washed, and drained

again before taking apart the stack. The cathode seen in Figure 5-15 is frequently

seen to have a uniform oxide layer formation upon tear down. This is most com-

mon after experiments utilizing sodium nitrate supporting electrolyte. The following

reaction mechanism is proposed to explain the oxide formation.
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Figure 5-15: EMAR 8.2 electrode showing an oxide layer after operation.
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N0 3 >(aq) + H20 + 2 e -- N0 2 >(aq) + 2 OH-(aq)

Cu2+(aq) + OH-(aq) , Cu(OH) 2 (s) , = CuO(s) + H2 0

In these cases the electrode is sanded and cleaned with nitric acid in the manner

discussed in the electrode preparation step.

Experimental Results

Detailed below is a summary of experimental results seen by EMAR 8.x. These

results serve to validate the transport model discussed in Chapter 4 as well as expand

our knowledge of the EMAR process and validate the design and construction of the

EMAR 8.x experimental stack. Experimental work focuses primarily on EMAR 8.2,

the series stack, as series is not only easier to assemble, but more industrially relevant.

Still, data showing the efficacy of EMAR 8.1, the parallel stack, is provided.

Copper Loading Effect

In order to validate the model detailed in Chapter 4 a suite of copper loading exper-

iments were completed. The EMAR solutions seen in Table 5.2 where produced and

saturated with 1 Bar CO 2.

After saturation, a polarization experiment was completed for each of the solutions.

At a flow rate of 10 ml/min using a 5 unit cell stack in series EMAR unit cell voltage

was increased in steps from 0.2 volts per unit cell (1.0 V total) to 0.8 volts per unit

cell (4.0 V total). Each of these steps were allowed to proceed to steady state and the
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Species Concentration
Ethylenediamine 1 M
Copper Nitrate 0.1, 0.2, 0.3, 0.4 M
Sodium Nitrate 1 M

Table 5.2: Solutions used for copper loading experiment. Notice, one cupric ion binds
2 EDA molecules so 0.1 M copper nitrate corresponds to 20% loading.

current was measured. Figure 5-16 gives the resulting current density as a function

of unit cell voltage and copper loading.

This experiment shows, as the model predicts, that the EMAR process under these

conditions is kinetically limited. This is seen by noting the nearly exponential in-

crease in current density as voltage increases linearly. If we were in a transport

limited regime a limiting current density would have been seen a high voltages, this

was not the case. Instead, exponential Butler-Volmer kinetics dictated the current

density of the stack.

Still, the model and experiment do not entirely agree. The model predicts a prefer-

ence for moderate inlet copper loading which was not seen experimentally. Reasons

for this dependency are discussed in detail in Chapter 4.

Supporting Electrolyte Effect

In order to better understand the effect electrolytes have on the EMAR process, two

EMAR solutions, seen in Table 5.3, were produced.

As before, the chloride based and nitrate based solutions we saturated with 1 Bar

CO 2 and a polarization experiment was completed for each of the solutions. At a

flow rate of 10 ml/min using a 5 unit cell stack in series EMA'R unit cell voltage was
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Figure 5-16: Effect of inlet copper loading and voltage on current density in an
EMAR cell, as predicted by the transport model and seen experimentally.

Species Concentration Species Concentration
Ethylenediamine 1 M Ethylenediamine 1 M

Copper Nitrate 0.2 M Copper Chloride 0.2 M
Sodium Nitrate 1 M Sodium Chloride 1 M

Table 5.3: Solutions used for supporting electrolyte experiment.
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Figure 5-17: Effect of two supporting electrolytes, sodium chloride and sodium ni-
trate, on EMAR stack current density.

increased in steps from 0.2 volts per unit cell (1.0 V total) to 1.0 volts per unit cell

(5.0 V total). As before, the system was allowed to reach steady state at each step.

Figure 5-17 gives the resulting polarization curve for both the nitrate and chloride

solutions.

Whereas the nitrate solution shows a kinetically limited polarization profile, the

chloride solution indicates a transport limitation. This can be seen in the expo-

nential relationship current density and unit cell potential for the nitrate solution

and a limiting current density for the chloride system. Stern first noted the kinetic

enhancement of chloride supported systems. 1

The increased kinetics are not without their downsides however. Faradaic efficiency
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Species Concentration
Ethylenediamine 1 M
Copper Nitrate 0.2 M
Sodium Nitrate 1 M

Table 5.4: Solutions used for reversibility experiment.

for the chloride system was 50% lower than that of the nitrate system - down from

50% to 25%. Further, metallic copper particles were seen leaving the anodic chamber.

This is likely a function of chloride stabilization of cuprous ions.4 The following

adverse side reaction is proposed.

Cu(s) , Cu+(aq) + e-

2 Cu+(aq) - - Cu2 +(aq) + Cu(s)

It is worth noting, that as discussed previously, the nitrate system has its own adverse

side reaction which results in the oxide seen in Figure 5-15. The EMAR process

remains in need of a supporting electrolyte with the enhanced kinetics of the the

chloride system, the faradaic efficiency of the nitrate system, and which minimizes

adverse side reactions.

Reversibility

As discussed in Chapter 3, the EMAR process transports the copper blocker from

the anode to the cathode. Therefore, upon anode depletion the process must be

reversed, switching anodic and cathodic flows as well as applied potential. To that

end, a reversibility study was completed for the EMAR 8.2 stack. An EMAR solution,

given in Table 5.4, was prepared and saturated with 1 Bar CO 2.
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Figure 5-18: Reversibility of EMAR stack, shows fairly consistent faradaic efficiency

over time.

The EMAR process was set to operate a series of one hour constant current ex-

periments. After each hour, the anodic and cathodic flows were switched as was

the polarization. As shown in Figure 5-18, the EMAR process showed no faradaic

efficiency loss over multiple cycles.

Superficial Velocity Effect

The previously described experimental work has focused on the easier to assemble

and more industrially relevant EMAR 8.2 series stack. The following experimental

approach, however, tests the efficacy of the EMAR 8.1 parallel stack. The EMAR

solution given in Table 5.5 was produced and saturated. In the same manner as the
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Species Concentration
Ethylenediamine 1 M
Copper Nitrate 0.25 M
Sodium Nitrate 1 M

Table 5.5: Solutions used for superficial velocity experiment.
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Figure 5-19: Effect of superficial velocity on EMAR 8.1 stack.

previous experiments, the EMAR 8.1 stack was loaded into the EMAR apparatus. A

suite of experiments was completed, varying flow rate - and subsequently superficial

velocity - as well as cell voltage.

As one may expect, increasing superficial velocity diminishes transport boundary

layers and as a result diminishes transport overpotentials. Further, the decrease in

residence time which accompanies the increase in superficial velocity minimizes the

total copper loading shift, which decreases the thermodynamic overpotential, as seen
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in Chapter 3. As shown in Figure 5-19 these two factors work in concert to increase

current density in the EMAR 8.1 cell in response to increasing superficial velocity.

Summary and Conclusions

Previous chapters established the thermodynamic and transport behavior of the

EMAR process. This chapter detailed how those theoretical approaches where imple-

mented on a lab scale. The process flow scheme which supports the EMAR desorber

and controls the experimental apparatus, was first introduced before detailing the

design and construction of a variety of EMAR cells. Two types of EMAR cells were

discussed, single cell systems and stacked systems.

EMARs 2 through 7 were single cell systems, previously introduced by Stern and

Eltayeb.1 ,2 EMAR 2 and EMAR 3, designed by Stern, where o-ring sealed systems

with fixed channel depths. These designs suffered minor leaks and were less flexible

that the EMAR designs which would follow. EMAR 4 was designed by Stern as

well, and incorporated a flexible gasket channel which was more adaptable than

previous systems. Mystic River Engineering under Eltayeb management, improved

on the EMAR 4 design, making a more robust EMAR 5. EMAR 6 was a single

cell, multi-electrode design which allowed for resolution into the anodic and cathodic

current density profiles. EMAR 7, designed by Mystic River Engineering under Shaw

(author) management, allowed for high pressure EMAR cell operation.

Two stacked system designs were discussed: a parallel systems - EMAR 8.1 - and

series system - EMAR 8.2. The parallel configuration requires high current, low

potential operation, where as the stack system allows for low current, high potential
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operation. Both systems employ a manifold geometry, similar to that of a flat plate

heat exchanger, which allows for simple desorption scale up. EMAR 9, which incor-

porates an pack column absorber to match the desorption capacity of EMAR 8.x,

was briefly introduced.

The efficacy of EARM 8.x's design and construction was tested through a suite of

experiments. These experimental results serve also to validate the transport model

discussed in Chapter 4 as well as expand our knowledge of the EMAR process.

This work demonstrated the effect of inlet copper loading on the EMAR process.

It showed that chloride based supporting electrolytes demonstrate transport limited

behavior, which is in contrast to nitrate based supporting electrolytes which show

kinetic limited behavior. Further, it was shown that the EMAR stack does not

exhibit a decrease in faradaic efficiency over a limited reversibility study.
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Chapter 6

Capstone Chapter: The Economics of

EMAR

This chapter provides a methodology to approximate the capital expenses associated

with the EMAR electrochemical desorption system. It specifically describes a full

scale EMAR stack geometry as well as the bill of materials which would result from

that geometry. This chapter then provides a summary of the work by Miao Wang

and Dr. Emre Genger who expand on this methodology in a detailed manner in

order to approximate the total cost of CO 2 avoided should EMAR be employed on a

500 MW power plant. It is shown that the total cost per metric ton of CO 2 avoided

would likely run between $60 and $75.

In light of this estimate, this chapter briefly analyses potential markets for the EMAR

process. It concludes that most promising market for EMAR technology is that of

carbon dioxide separation as a service, specifically in natural gas sweetening. A five

153



Symbol Name Price Range
Cu Copper $6.0 - $6.5 / kg
ss Stainless Steel $2.5 - $3.0 / kg
gr Graphite $1.5 - $2.0 / kg
p1 Plastic $1.0 - $1.5 / kg
mem Membrane $1 - $50 / m 2

Table 6.1: Components of Bill of Materials and approximate prices

forces analysis is completed in order to make strategic suggestions for operation in

such a market.

It should be emphasized that the analysis in this chapter applies specifically to the

three-stage EMAR process seen through this thesis. As suggested in previous chap-

ters an EMAR process which employs a cathodic absorption would bring down op-

erating cost substantially through thermodynamic efficiency gains and potentially

capital costs through process intensification. We therefore expect a two-stage EMAR

process to be competitive in more markets than just those analyzed below.

EMAR Capital Expenses Model

The objective of this portion of the costing analysis is to determine the quantity of

five materials, which are assumed to make up the majority of the cost of materials

of an EMAR stack. These materials and their approximate prices are given in Table

6.1. Further, to provide an estimation of the footprint of an EMAR desorber system

geometry and size is determined.

Figure 6-1 gives the calculation architecture that is employed. Calculations are made

in two phases: (1) a geometry independent analysis and (2) an analysis that depends
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Geometry Independent Properties
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Figure 6-1: Calculation order to determine bill of materials and system size

on one of two system geometries - flat plate or porous. While figure 6-1 gives the

calculation order, it is important to note that the inputs are not shown in this figure.

They are instead discussed in the "Independent /Decision Variables" section below.

Note on Electrical Orientation of Stacks

As shown in Figure 6-2 an EMAR stack consists of many EMAR unit cells and

EMAR stacks may be aligned in series and in parallel. As discussed below, EMAR

unit cells are aligned electrically in series in a stack. The following relationships

come directly from Figure 6-2 and will be useful for the analysis belov.
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Figure 6-2: Electrical orientation of EMAR stacks

Nceli = Nceii,series * Nceli,parallei = Nstack,series * Nstack,parallel * Ncell,stack = Nstack * NcelI,stack

(6.1)

Ncell,series =Nstack,series -Ncell,stack, Nceii,parallei =Nstack,parallel

Independent/Decision Variables

This cost model takes in the following independent variables to establish the total

materials requirement.
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Symbol Description
Amax Maximum unit cell cross sectional area
cCU Fraction of copper consumed before regeneration
ei Material i (Copper, plastic, graphite) excess required (flat plate only)
fe EMAR faradaic efficiency
Hmem Membrane thickness
Hch Channel thickness
HHX Thickness of graphite heat exchanger
Hs Thickness of stainless steel end plate
-max Maximum current to EMAR process
i Current density seen in unit cell

mco 2 ,e CO 2 emission from flue gas

Ncell,stack,max Maximum number of unit cells in a stack
nHx Number of cells per heat exchange plate
Xcap Fraction of CO 2 emission captured
&cu Specific surface area of copper foam (porous only)

_i Material i void space (plastic, graphite) required

TC Time before switching cycle

Table 6.2: Independent /Decision variables used

Geometry Independent Properties

A number of properties of an EMAR stack are independent of the cell geometry.

These properties are established below and are used to determine the geometry de-

pendent properties described in the following section.

Molar Flow Rate of CO 2 Captured, Co 2

Mco2 e Xcap (6.3)
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Total Copper Surface Area, scU

(6.4)i=h 2 -F
i.- fe

Minimum Copper Required, nCu,min

At minimum we require enough copper to last for the switching time length, plus a

safety buffer.

ncu,min = hC2*T
2 fe

Copper shift

(6.5)(1-ccu))

Buffer

Number of Cells in Series, Nceii,series, Stacks in Series, Nstack,series, and Cells

per Stack, NcelI,stack

We require a minimum number of cells in series in order to bring the amperage to

or below the maximum amperage established above.

i- Scul
Imax I

Nstack,series

Ncell,stack =

Ncei,series 1
Nceil,stack,max

F Ncell,series
Nstack,series
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Switching Time Considerations

Consider a EMAR desorption system which needs to be regenerated after a time

period of T, and which takes a time of r, to reach steady state after switching.

Further, assume this is done such that EMAR stacks are reversed and regenerated

in a staggered manner, rather than all at once. For convenience, this staggered

regeneration should occur within stacks that are electrically in parallel. In that

case, the fraction of up-time a given stack will see is Tc/ (-r + Ti). We will therefore

require TS/Tc stacks more than the minimum required, to allow for down time. There

is therefore factor of 1 + TS/Tc seen in both the membrane area and the copper

requirements, which propagates to all of the bill of materials and the number of

stacks in parallel.

Geometry Dependent Properties

The following sections describe two geometries and from these geometries and the

parameters and variables given above establish the bill of materials and remaining

system size parameters.

Flat Plate Geometry

Figure 6-3 shows the unit cell geometry used for a flat plate system in this model.

A unit cell consists of two copper plates, two flow channels, and a membrane. The

membrane separates the anodic and cathodic flows, which occur in and are sealed by

the plastic flow channels. The stack is assumed to be eleotrically in series, therefore
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S.S. End Plate Unit Cell Heat Exchange Plate

Figure 6-3: Flat plate stack geometry

each copper plate acts a bi-polar separator acting as a cathode on one side and an

anode on the other. Graphite heat exchangers, which allow the stacked to be heated,

are placed in the stack an interval specified in Table 6.2.

Per Figure 6-1 we have the following relationships which describe the bill of materials

for a flat plate EMAR desorber.

Amem (1 + -sc (6.9)

mcu = (+)- ncu,min - (1 + ecu) M (6.10)

mpi = 2 - Anem -Hch - (1 + eI) -( L pi) - ppi (6.11)
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Amem -HHX (1 + egr) * (1 - cgr) pgr (6.12)
mHX

ms= 2- Hss- Amem (1 + ess) Pss (6.13)

Per Figure 6-1 we have the following relationships which describe the stack size and

number of stacks in parallel for a flat plate EMAR desorber.

Hcu = ncu,min -MCU (6.14)
2 - pCu - scu

HTOt = Ncell,stack (2 -Hcu + 2 -Hch + Hmem + HHX + 2. Hs (6.15)
nHX

Nstack,parallel - Amem (6.16)
Nstack,series - Amax

Porous Geometry

Figure 6-4 shows the unit cell geometry used for a porous system in this model. A unit

cell consists of two flow channels, each filled with porous copper, and a membrane.

As in the flat plate case, unit cells are assembled electrically in series. A thin, bi-

polar, inert plate separates anodes and cathodes from adjacent unit cells. Graphite

heat exchangers, which allow the stacked to be heated, are placed in the stack an

interval siecified in Table 6.2.
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Figure 6-4: Porous stack geometry

Per Figure 6-1 we have the following relationships which describe the bill of materials

for a porous EMAR desorber.

Amem = 1

mcu = (i+

C'Cu * Heh

-) nc,minMcu
TC

(6.17)

(6.18)

(6.19)MP1 = 2 - Amem - Heh - (1 + epi) (1 - EpI) -pi

Amem - HHX - (1 + egr) (1 - Egr) Pgr (6.20)
nHX

mss = 2 - HS8 -Amem - (1 + ess) PsS (6.21)
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Per Figure 6-1 we have the following relationships which describe the stack size and

number of stacks in parallel for a flat plate EMAR desorber.

I H HX
HTot =NcelI,stack -2 - Hh + Hmem + fIX + 2 - Hs8  (6.22)

nHX

[ Ae 1 6.3
Nstack,parallel - A"e (6.23)

Nstack,series * Amax

Cost of CO 2 Avoided - Initial Results

Miao Wang, a PhD candidate in the Hatton Group, with assistance from Dr. Emre

Genger, a Research Scientist with MIT Energy Initiative, has significantly expanded

on the above material, to provide a detailed cost estimate for the entire EMAR

process. They consider both operating and capital expenses for the whole cycle as it

would be incorporated into a 500 MW coal fired power plant in order to approximate

the total cost of CO 2 avoided. This analysis, which will be presented in a forth coming

publication, allows for an apples-to-apples comparison between EMAR and other

carbon dioxide capture technologies. The following is a brief summary of Wang's

analysis and has been included below with his permission.

The cost of carbon capture is determined on a cost of CO 2 avoided bases as given

in equation 6.24, where cost of energy, COE, and CO 2 emissions are given with the

same basis (say $/(kW -hr) and tonne/(kW - hr) respectively).
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Figure 6-5: Cost considerations for EMAR Capture

Cost of C02 avoided = COEwith capture - COEwithout capture

C02 emissions with capture - C02 emissions without capture
(6.24)

As shown in Figure 6-5a a typical EMAR installation is estimated to raise the cost

of electricity from a base case of $0.05/(kW -hr) to $0.097/(kW -hr) - the difference

being the numerator of equation 6.24. Of that, roughly 75% of the cost comes

from capital expenditures rather than operating expenditures as seen in Figure 6-

5b. Capital expenditures are estimated at roughly $500 million, whereas operating

expenses are estimated at $25 million per year for the 500 MW power plant.

Wang's analysis shows membrane costs, which are relatively unknown compared

to other major capital expenditures, represent a significant cost driver for such a

process. The impact of this capital cost driver is given in Figure 6-6. On the

operating side, four parameters dominate:' desorption pressure, copper loading shift,
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Figure 6-6: Impact of membrane cost, desorption pressure, and copper loading shift
on cost of CO2 avoided

desorption temperature, and applied overpotential. Figure 6-6 focuses on the former

two, as these where the primary points of focus for Chapter 3. The conclusions are

qualitatively similar to those in Chapter 3, i.e. we are content operating at a higher

(>50%) copper loading shift to keep capital expenses down and desorption pressure

should be roughly 10 bar.

Cost Effective EMAR Applications

As seen in Figure 6-6, the total cost per metric ton of CO 2 avoided would likely

run between $60 and $75. When we compare the EMAR process to traditional

and more novel thermal processes, we see that while comparable, EMAR will not

necessarily be competitive. An apples-to-apples comparison of EMAR to thermal

processes introduced by Rochelle et. al. given in Figure 6-7 shows this advantage

in more detail.46 This is not to say however, that EMAR does not have a pla'ce in
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Figure 6-7: Cost comparison between EMAR and incumbent thermal amine pro-

cesses. 46

the carbon capture ecosystem. What follows therefore is a brief analysis potential

targets for carbon dioxide capture and a discussion of where EMAR may be able to

compete in this arena.

Eltayeb considered three broad markets within which EMAR could compete.2 A

brief description of each is given below.

Sale of CO 2 into Enhanced Oil Recovery

Enhanced Oil Recovery (EOR) is a method of extracting additional oil from a well

that otherwise could not be removed via conventional processes - natural pressure

or solvent based secondary recovery. In this process supercritical CO 2 is injected

into an oil well, dissolving and displacing some of the remaining oil. EOR is by far

the largest consumer of C0 2 , demanding roughly 2/3's of the 80 million tons per

year of CO2 consumed. EOR is therefore a natural potential buyer of carbon 'dioxide
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captured from anthropogenic sources.

There are two headwinds facing EMAR in the sale of captured carbon dioxide into

EOR. The first, discussed above, is the expectation that more novel thermal amine

approaches will be more economical in traditional power plant capture than EMAR

(more niche applications where EMAR has an advantage will be discussed below).

This will of course allow CO 2 captured from these sources to undercut CO 2 captured

from an EMAR process. The second is a headwind facing all captured anthropogenic

carbon dioxide sources. CO 2 is naturally occurring, may be produced industrially,

and is sold generally via a network of pipelines - see Figure 6-8. CO 2 price is tied

to oil prices and transportation costs, but can be estimated at roughly around $40

per metric ton. 47 This is well below the costs of CO 2 avoided presented in Figure

6-7 and therefor would need an additional regulatory revenue driver (see discussion

below) to operate profitably.

Emissions Mitigation

National parties representing 56% of global greenhouse gas (GHG) emissions, have,

in response to the Paris Agreement, implemented or are planning to implement

carbon pricing to mitigate GHG emission. The total value of these carbon taxes

for 2018 was $82 billion. 49 While the carbon price varies wildly by geography, with

Sweden currently implementing the highest price of $139/ tCO 2 e (metric ton of CO 2

equivalent), the EU Emissions Trading System (EU ETS) provides a middle of the

road estimate of carbon dioxide prices. Figure 6-7 provides historical carbon costs

from EU ETS, which at the time of this writing (January 2019) are between 20 and

25 6/tCO 2 e (22 to 29 $/tCO2 e).
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Carbon dioxide producers, like the coal fired power plant analyzed above, could use

CO 2 capture technologies to capture and store or sell emissions rather than pay the

above carbon prices. With the exception of outliers like Sweden, Figure 6-7 shows

that it is unlikely that carbon capture could be justified on emissions mitigation

alone. There are some cases however, where a combination of regulatory pressures

and EOR sales opportunities make CO 2 capture economically viable. In those cases,

Figure 6-7 also shows that more advanced thermal amine schemes would likely be

preferable to EMAR. It is expected that some niche applications exists, say those

that require frequent start-up and shut-down of that do not have access a sizable

boiler (perhaps cement production), where EMAR can compete economically with

advanced thermal amine schemes.

CO 2 Separation as a Service

One, potentially more promising approach to EMAR commercialization is to consider

carbon dioxide removal not in the context of CO 2 sales or emission mitigation, but

as a service to remove an unwanted impurity (C0 2) from an otherwise valuable

stream. These applications are of particular interest, because they may value ease

of deployment over CO 2 avoidance cost. Eltayeb suggests potential applications for

EMAR in this area, which are summarized below. 2

Life-Support Systems for Confined Spaces Consider a confined living space such

as a submarine or space craft. In order to mitigate carbon dioxide buildup in

the air, which needs to be kept below 0.5% by volume, thermal swing zeolite

systems or lithium hydroxide canisters are employed as CO 2 adsorbents. While

EMAR does offer continuous removal without the need for theimal swing, which
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would be attractive in this application, headwinds in this case include both a

small market and the fact that EMAR is liquid state (as compared to the pre-

viously described adsorption processes which are solid state), making stability

of paramount concern.

Building Energy Consumption Mitigation Buildings, like the confined spaces

above, need to maintain low concentrations of carbon dioxide. This is com-

pleted by exchanging air with the environment, taxing the HVAC system. It's

conceivable that this exchange could be mitigated by using a plug-and-play

EMAR process to remove the CO 2 directly, and thereby minimize the work

to be done by the HVAC system. However, the same effect can be generated

using a simple air to air cross-flow heat exchanger; presumably at a much lower

capital cost and a non-existent operating expense.

Natural Gas Sweetening Removal of acid gases (like carbon dioxide or hydrogen

sulfide) from natural gas is required to meet pipeline specifications. A number

of natural gas sources contain potentially high levels of carbon dioxide to be

treated. These include: sites where natural gas is a byproduct and is flared,

biogas upgrading facilities, and high CO 2 concentration natural gas wells. Tail-

winds for such natural gas sweetening include a large and growing market and

a large pool of customers which are not currently or could not ever reasonably

be served by thermal separation processes or other substitute purifications like

pressure based systems.
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Note on H2 S impact on EMAR Process

The astute reader may notice that hydrogen sulfide will adversely affect the EMAR

process by removing copper (the electrochemically active blocking agent) from solu-

tion and by protonating (and thereby rendering inactive) the amine in the absorber.

This may be an issue for treating high H 2 S streams, however the flowing method may

be employed to recover copper lost to small amounts of H 2S in a treatment stream.

Amine protonation and copper removal

H 2 S(g) , - H+(aq) + HS-(aq)

H+(aq) + EDA(aq) , - EDAH+(aq)

HS-(aq) + Cu2+(aq) - CuS(s) + H+(aq)

H2 S(g) 2 EDA(aq) - 2 EDAH+(aq) + CuS(s)

Reversing the effects using CuO and heat

CuS(s) + 'O 2 (g) > CuO(s) + S0 2(g)

2 EDAH+(aq) + CuO(s) , = 2 EDA(aq) + Cu 2+(aq) + H2 0

CuS(s) + O 2 (g)'+ 2 EDAH+ (aq) 'A-) S0 2 (g) + 2 EDA(aq) + Cu 2+(aq) + H2 0
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Strategic Analysis and Commercialization Thesis - A

Five Forces Analysis

As the above analysis makes clear, applying the EMAR process to natural gas sweet-

ening may be the most economically viable option for commercialization. The central

reason for this is separation as a service can take advantage of EMAR's plug-and-play

nature without being unnecessarily brought down by EMAR's slightly higher cost in

traditional carbon capture applications. On top of that natural gas usage is growing

on the back of advances in hydraulic fracturing technology. What follows then, is

a brief analysis of the natural gas treatment market and strategic suggestions for

EMAR's implementation in that market.

There are three sections of this market worth exploring. 2

Oil Production Sites Which Flare Sour Methane Many oils wells (targeting

liquid hydrocarbons) have small amount of sour natural gas byproduct. In

2012, more than 100 billion cubic meters of gas were flared globally, resulting

in the emission of greater than 350 million metric tons of CO 2.51 These came

from for than 7,000 flares predominantly in the USA and Russia.5 2 Given

the relatively small size of these flares and potentially remote geographies,

thermal amine process tend not to be economically feasible, whereas a plug-

and-play EMAR process may be feasible. At current natural gas prices, $3.16

per MMBTU (million btu) (note 1000 cubic feet is approximately 1 MMBTU),

this is a total potential market of $12 billion per year or $1.6 million per flare

per year.
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CO 2 Heavy Natural Gas Reservoirs Globally 4 trillion cubic meters net of hy-

drocarbon gas has CO 2 content between 15% and 80%. Significantly more

natural gas reserves, roughly half of the 27 trillion cubic meters, have 2% or

more CO 2 content." Considering only the very sour gas reserves (15% to 80%

C0 2 ) leaves $300 billion in sour natural gas. Again, EMAR may have an advan-

tage here over thermal processes and incumbent membrane processes thanks

to high selectivity and minimal to no dependence on steam.

Biogas Upgrading Biogas, generally to product of anaerobic digestion of waste,

can be upgraded to a higher caloric value my removing carbon dioxide, which

can make up 25% - 50% of the raw biogas mixture. While this segment is

smaller than the above, the required small scale deployment makes EMAR

potentially attractive.

An enterprise centered around EMAR technology could serves the above segments

by focusing on separations that can take advantage of two benefits EMAR offers over

Thermal Amine namely: plug and play (requiring little to minimal steam) and able

to handle significant variability by starting-up and shutting down more easily than

Thermal Amine.

Porter's Five Forces

In order to analyze the natural gas purification in which EMAR could play, we

will use a framework developed by Michael Porter of the Harvard business school

known as "The Five Competitive Forces."" Porter states that five forces describe

the competitive landscape of a market. These forces ire:
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Bargaining Power of Buyers The buyers in this market are the natural gas pro-

ducers from any of the above segments. They buy a service, natural gas purifi-

cation, from EMAR or any potential competitor. A powerful customers base

may have the ability to force down prices cutting into profitability. It will be

shown below, that customer bargaining power is likely minimal.

Rivalry Among Existing Competitors In this case, we will define competitors

as thermal amine processes, other separation processes will be addressed in the

"Threat of Substitute Products or Services" section as these other processes

are demonstrably different from amine based processes. It will be shown that

in order to minimize rivalry among existing competitors, which can decrease

profitability across the board, it will be important that EMAR to focus on

greenfield projects, where thermal amine does not/cannot compete.

Threat of Substitute Products or Services There are a number of possible sub-

stitute services, these include: membrane separation systems, pressure swing

adsorption, or simply doing nothing. In this case there is a moderate through

of substitutes, which will need to be mitigated through diversification or, as

above, through targeted project work.

Bargaining Power of Suppliers Suppliers provide the key raw materials required

for construction and operation of EMAR processes. We will see that suppli-

ers have little power to capture significant value created by EMAR, with the

exception membrane producers who provide a unique, vital, and potentially

expensive product for EMAR.

Threat of New Entrants New entrants are an ever-present threat especially in

new or evolving markets like this one. Discissed below are barriers to entry
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which may be erected against new entrants.

The following sections analyze each of these five forces in detail.

Bargaining Power of Buyers

The bargaining power of buyers is of paramount concern, because a powerful cus-

tomers base may have the ability to force down prices cutting into profitability. The

natural gas producers (buyers in this market) have relatively weak bargaining power

for three reasons.

Buyers have fairly low concentration, but its growing Concentrated markets,

with only a few buyers, have the ability to push down prices - much like

a monopoly supplier can push up prices. The case of flared methane we have

more than 7,000 flares across more than 20 countries (though the USA and Rus-

sia dominate).1 2 Further, biogas upgrading brings in waste treatment /removal

market, which decreases the dominance of oil/gas buyers. Still, upstream oil

and gas has seen growing concentration, especially in the US since the 1990s 55

as seen by Exxon's dominance.

Products are very differentiated between vendors and switching cost are high

This thesis has detailed the differences between carbon dioxide separation tech-

nologies. These stark differences bring down buyer power because they do not

allow for standardization across vendors. There is therefore no opportunity to

play one vendor off of another, driving down prices. Further, the high capital

costs of CO 2 separation technologies make switching between vendors, should

A lower cost technology emerge, quite difficult.
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Figure 6-10: Natural gas price in $/MMBTU over the last 10 years as reported by
NASDAQ

Buyers cannot easily back integrate EMAR technology Buyers could drive

down prices by threatening to perform the separation themselves. This threat

is not credible because electrochemistry is not historically a strength of either

the oil and gas industry or the waste management industry.

While natural gas producers may have weak bargaining power, their price sensitivity

is also of interest when considering their behavior in this market. As shown in Figure

6-10, the price of natural gas varies significantly in time. Over the last 10 years prices

have varied between $2 and $5.50 per MMBTU. This is roughly $100 to $300 per

metric ton of natural gas. Consider then a case where a natural gas stream has 33%

CO in it. Given the cost reported in Figure 6-7 above, CO 2 removal would cost $35
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per met ton of natural gas produced. At a low natural gas price this is likely excessive

(30% of total revenue), however at a high natural gas price this is likely acceptable

(10% of total revenue). As will be discussed below EMAR's ability to easily go from

off-line to on-line (and vice versa) can take advantage of this significant variation.

Rivalry Among Existing Competitors

While rivalry will certainly exist between EMAR and Thermal Amine Scrubbing,

this is unlikely to be disruptive to profitability. There are two reasons for this. First,

competition between EMAR and Thermal Amine Scrubbing will occur on different

dimensions. Thermal Amine appears to be a low cost provider, suitable for natural

gas sources that have a large boiler readily available and do not need to bring the

separation train up or down regularly. EMAR on the other hand may have a higher

cost, but is more plug-and-play and is suitable for natural gas sources that need

flexibility on separation train and cannot support/do not have available a boiler.

Second, despite high capital costs, both solutions have significant marginal costs. If

marginal costs are low pressure is created to force prices down. Thermodynamics

(as discussed throughout this thesis) forces marginal costs to be significant, elim-

inating this downward pressure on prices. Since, it appears thermal amine has a

cost advantage in areas where is currently competes, it will be important to focus on

greenfield projects, where thermal amine does not/cannot compete. This will avoid

rivalry eroding potential profits.
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Threat of Substitute Products or Services

A number of substitute products exist to treat CO 2 laden natural gas streams. These

include: membrane separation systems, pressure swing adsorption, or simply doing

nothing (not treating the sour methane). In this case there seems to be a moderate

threat of substitutes driven, in opposite directions, by the two following factors.

A price/performance trade-off exists with the potential substitutes Customers

have the option of choosing from multiple performances levels. For example,

membrane separation offers low capital requirements, but provides low selectiv-

ity (up to 1/3 of natural gas loss) and moderate operating expense (roughly in

line with Thermal Amine). Pressure swing adsorption on the other hand may

provide higher selectivity than membrane separation, but at a high capital cost

and low throughput. Taking this point to it's extreme, potential buyers may

also elect to not perform a separation (instead flaring for example). These

varying substitute options threaten to both pull down prices and erode total

addressable market

Switching cost is high The price/ performance optionality is mitigated slightly by

high switching costs. As discussed above, the high capital costs will prevent

erosion of existing business to substitutes.

It will be important to moderate this threat by either diversifying (teaming up with

a substitute product) or as above, moving to greenfield /niche projects less at risk of

substitutes.
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Bargaining Power of Suppliers

Powerful suppliers can demand a larger portion of the value created by EMAR,

thereby eroding potential profits from the beginning. There are a number of key

suppliers for the EMAR process. These include:

" Chemical companies, who provide the amines

" Material suppliers, for material like copper, stainless steel, graphite, and other

auxiliary materials

" Engineering/ Construction companies, who would be required to build the plant

* Membrane suppliers, as we saw above membrane costs are critical to the overall

cost of EMAR

" Power suppliers, who provide power to the electrochemical desorption

These suppliers fall into two camps: those who supply undifferentiated products and

those who supply unique and vital products. For most suppliers (all but membrane

producers), the products offered are nearly interchangeable and switching costs are

nearly zero. For example, it does not matter to the EMAR process if the amines

are produced by DOW or Eastman Chemical. This gives the option to play one

supplier off of the other to extract a lower price. Membrane suppliers are the obvious

exception as they have significant product knowhow and patent protection in addition

to providing a product that is unique and vital to the EMAR process.

In order to keep supplier bargain power low, it will be important to keep operating in

an environment where suppliers have low margin and products an interchangeable.

Therefore, if possible it is best to avoid non-commodity materials like amines or

amine mixes under patent. Membrane companies represent a significant risk that
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could be mitigated by negotiating bulk discounts or long term partnerships. A similar

approach may be taking with power suppliers by negotiating long term contracts.

Threat of New Entrants

New entrants are an ever-present threat especially in new or evolving markets like

this one as they can drive down prices or erode market share. While this analysis

will not attempt to guess at what new technologies may take hold in the future, we

will discuss barriers to entry which may be erected against these new entrants.

Two barriers to entry exist or may be erected which may mitigate the threat of

new entry in the long term. The first which may be built is the use of long term

contracts, which buyers should be amenable to since buyers experience high switching

costs. These contracts could help bare the entry of new competition. The second,

preexisting barrier, is high capital costs. As discussed before the high capital costs

associated with CO 2 removal from natural gas provide their own barriers to entry.

Five Forces Summary

This is a market characterized by buyers (natural gas producers/ suppliers) that have

a low concentration and a regularly subjected to price variation, strong competition

or threat of substitutes that may be mitigated through targeted project execution,

and suppliers who's influence ranges from marginal to vitally important. EMAR has

a two advantages which make this market potentially attractive: (1) the ability to

easily go from off-line to on-line (and vice versa) in order to take advantag6 of process
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or market variation and (2) a plug-and-play system design which does not require

an intrusive boiler. Still, in order to operate profitably in this market, EMAR needs

to make a few key strategic decisions. These include:

" Focus on greenfield projects, where thermal amine or other substitutes do

not/cannot compete, especially those that can benefit most from the two above

EMAR advantages

" If possible, moderate the threat of substitutes and spread risks by diversifying

(example: teaming up with an adsorption process)

* Avoid non-commodity materials like an amines or amine mixes under patent

* If possible, mitigate the risk presented by membrane prices by negotiating bulk

discounts or long term partnerships

" If possible, sign long term contracts with both buyers and power suppliers

Summary and Conclusions

Previous chapters have introduced the reader to the EMAR process and have touched

on its thermodynamics, its mass and heat transport, and its design. This final chapter

frames this work in an economics context in order to establish (1) the costs associated

with carbon dioxide removal via the EMAR process and (2) potential markets for

the EMAR process.

We see that the two major costs drivers for the bill of materials in the EMAR

process are membrane area, which is a function of current density, and mass of copper

required, which is a function of switching time (the time elapsed before an anode

must be regenerated). The cost of materials model presented here was employed by
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Wang and Genger (to be presented in a forthcoming publication). In a summary of

this work, it is shown that the total cost per metric ton of CO 2 avoided would likely

run between $60 and $75, which is slightly more expensive than advanced thermal

amine processes. Further, we see that this cost is driven by a few key factors (most

of which have been covered in this thesis), namely: membrane costs, desorption

pressure, copper loading shift, desorption temperature, and applied overpotential.

With costs in hand, we examine three broad markets for EMAR. (1) Sale of carbon

dioxide into enhanced oil recovery (EOR) is rejected, because of the expectation that

more novel thermal amine approaches will be more economical in traditional cap-

ture scenarios and naturally occurring carbon dioxide is likely less expensive than

that captured from anthropogenic sources. (2) Emissions mitigation while poten-

tially promising especially in concert with sales into EOR, is not yet viable given

most current carbon prices and advanced thermal amine's potentially more domi-

nate cost position. (3) Carbon dioxide separation as a service, however, is shown to

be attractive when applied to the treatment of sour natural gas.

Finally, we see that should EMAR wish to compete in the natural gas treatment

market, it will have two key advantages which make this market potentially attrac-

tive: (1) the ability to easily go from off-line to on-line (and vice versa) in order to

take advantage of process or market variation and (2) a plug-and-play system design

which does not require an intrusive boiler. As seen in the summary above, this is

a market characterized by buyers (natural gas producers/ suppliers) that have a low

concentration and a regularly subjected to price variation, strong competition or

threat of substitutes that may be mitigated through targeted project execution, and

suppliers who's influence ranges from marginal to vitally important. It is therefore

important to EMAR's success that it compete on greenfield projects, where thermal
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amine or other substitutes do not/cannot compete, and enter into long term con-

tracts or partnerships with natural gas producers, membrane producers, and power

suppliers.

This economic analysis brings into sharp relief that which was discussed in Chapter

3 ("EMAR Thermodynamics"). Namely, the three stage process employing anodic

absorption, but decoupling cathodic absorbent activation and absorption of carbon

dioxide, may be significantly improved though the use of a cathodic absorber. The

above analysis portrays EMAR in its current state as potentially competitive in

niche markets. This is largely driven by costs, which if improved by roughly 10%,

would significantly change EMAR's competitive position. This is within the realm

of possibilities for a two-stage EMAR process. EMAR's applicability and viability

in more broad markets then may be significantly improved by incorporating such a

cathodic absorber.
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EMAR 8.x Engineering Drawings
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Appendix B

Open Circuit Potential Derivations

EMCS Inactive Absorbent in Solution
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(\1 +KCo 2 PO2

(n/ 
r n

+

+ n /rn(1 -XB)n/m )1 + Kc0 2 (PC02)rn)n/n

1

+ /3 (A/r

/3m

+

(1 - XB)n/m (

)
(1 - XB)n/m

1+ (n/ XB)n/) 1+Kc02 (P002

A(k7} (1- XB)n/m
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R In (XB)

=E + -

- EO +

In (1

1xB n/m

Aol
+\\Co)

)
(1 - XB)n/m

(_ RT In
nF n

RT
nF

RT
nF

RT In
nF I

1, 1, 1 - x, ~ 1 therefore

n/rn

+ 0(1 - XB )n/co

(1



E -
0  E - 02=0

RT I
- F i/ 1 - B
riF A n/ n/rn

0B

(1 - B)n/m

In Bn/m (1 + KCO2

1

1 Kc02 Pco2 ) M)

nirn)

+ Kc0 2 (PC 2 ) n /)

In 1
mF + KC0 2

(Po 2

CO 2 Mass Balance

A 0 = CA + CA(C0 2 )m + mHCB( A)n/m

Bo= CBn+ + CB(A) B(A)

nCB(A) nBo
B mA 0  mA 0

CO 2,0 = CC 0 2 + mCA(Co 2 )M

PC0 2

Cc0 2

kh,Co
2

Co2 ,0
XC02,o =mAo
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K 00 2  -CA(C 2)1 P0  n

CA PC0 2

CA(C0 2)m

Ao - (C0A(0
2 )m + -LCB(A)1 )

CA(C0 2)m Po m

Ao - (CA(C0 2 ) + xBA0)

CA(C0 2),,

(1 - XB) A0 - CA(CO2)n

((1 - XB) A0 - CA(Co 2 )m) KC0 2

" PC0 2 )

\
PO )

PC0 2

PC02 )

P02 )

CA(C0 2 ) -- (1

(1 + Kco2
PO2 ) CA(C02),,

K( 0 PC___

XB) Ao0 PO

1 + KC 0 2 (P )

C02,0 = CC 0 2 + mCA(c0 2 ).

K02( PC02
= m(1 XB)AO 0 P/O m + kh,C0 2 PC0 2

1 + KC0 2 P

K0 0 2 P0 0

XCO2, 0  - XB) -
1+KC0 2 PO

kh ,C02 PCO2

mA0
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Cell Potential from Deviation Potential

AE = Eanode - Ecathode

- (RTIn I

(RT(
-F In

-RT In I
mF I

( 0iy 2 ,a n o i

+ Kco2  P anode +

1 + KC0 2 p 2 athode

KC0 2  PC O ,anode

PG
- In (I + 0 K ( P P2 ,cathode

1 + Kc0 2  PC0 2 anode"

1 + K 2 (PCO 2 cathode m
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Appendix C

EMAR Thermodynamic Derivations

Relationship Between Key Process Variables

Consider the following three definitions (Amo, xcu, xco2 ,) and two equilibrium
relationships (KCo2 , PCO2 ).

2
Amo = CAm(C02 ) + CAm + 2CcuAm 2

m 2/rn

XCu

xc0 2,0

2 CcuAm 2+

mAino

CCO 2 + MCAm(C0 2 )m _

mAmo
Co 2,0
mAmo

(C.1)

(C.2)

(C.3)

(C.4)K C 02 = CAm(C0 2) n P O ) m
CAm P 0 2
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'C0
2 =kH,co

2

Combining equations C.1 and C.2, we have

1 _ CAm(C02 )m + CAm

Amo

Substituting in equation C.4

1 - XcI =
CAm(CO

2 )n + mcO2 fP02

Amo
CAM(C02 )n1

Amo
+ KcoM 

2 )
CAm(C0 2 )m Kc0 2 o 2 02 + POM

AmIO KC2o P 0 2

Combining equations C.3 and C.5, we have

kH,CO 2 PCO 2 + mCAm(Co 2 )m
mAmo

kH,Co 2 P0 2  CAm(C0 2 )m

mAmo Amo

Combining the two above equations, we have

kH,co 2 PC02

mAmo )
Kco 2P 0 2 + PO

KC0 2PP 0 2 )

KC0 2 P470 2

KC02PP0Q2 + PO

Define khco
2

(C.5)

XCO2,0

1 -

kH,c0 2 PCO2
mAmo

= kh,co2 Po
mAmo
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Pco) - x)( Kco2 PEO2pM
=O (1- c)KC02 (702 + PO

XC02,0 - kh,C0o 2

Define PCO2 = PO_

XCo2, o- k,Co2co2 = (1 - xC) ( K 0  2  \

1 + Kco2 PP0 2

This equation C.6 gives a relation between XC02,0, xoc, and PC0 2. If XC02,0 or xcu

are unknown equations C.7 and C.8 respectively may be used.

( Kc0 2 P 00 2

1 + KC0 2 P;0 2

(x020 - h,0 2 P0 2 )
1 + Kco

2 P;0 2

KC0 2Pj'0 2

An analytical solution for Pco2 exists for m 1.

XC02,0 - kh,Co 2 PC0 2 (1 - xCU) ( KC0 2 PC 02

1+KC0 2 P0C0 2

- khoo 2 co2 ) ( = KC0 2 (1 - xCU) co2

+ KC0 2 PC0 2) - k hC0 2 PC02 ( I + KC02 PC0 2) = KC0 2 (1 - xCU) PC0 2

002,0 + x 0 0 2 ,0 K 0 2 P 0 2 - Ih,oo2 Po2 - kh, ooKco 2 0 2 =KC0 2 (1 - xCU) PC0 2
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(C.6)

XC02,0 = (1 - XoC) + Ih,C02CO2

XCU = 1 - (
(C.7)

(C.8))

(XC2,0

)

XC02,0 (1



KC0 2 - Ih,co2 ) PC0 2 - kh,C02 KCo0 2 P 0 2 KC0 2 (1 - xcU) Pco 2

0 = kh,co2 KCo 2 6502 + (KC0 2 (1 - xcU) - (xCo 2,0 Kco 2 - kh,C02 )) P 0 0 2

0 = Ih,C2K CO2IC02 + (KC0 2 (1 - xcU - xC0 2,0) + kh,co 2 PC0 2

Define b = KC0 2 (1 - xcU - xC0 2,0 ) + kh,co 2

0 = IkhC02 Kco2P 2 + bPC0 2 - xC0o2,0

PC0 2 =

-b fb2 + 4kh,co2Kco 2xco 2,0

2kh,co 2 KC0 2

Notice 4kh,co2 Kco 2xco 2 ,0 > 0, so one root,-b + >b2 + 4kh,co2 Kco 2xCo 2,0 > 0, is

positive, whereas the second root, -b - /b2 + 4kh,co2 Kco 2 xco 2 ,0 < 0, is negative.

Ignore the non-physical, negative root.

PCO =

Vb2 + 4kh,Co2 KCo2xco 2,0 - b

2kh,co 2 KC0 2

(C.9)
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Minimum Required Copper Loading Shift and Max-
imum Desorption Pressure

As discussed in Section 3, a minimum required copper loading shift exists for a
desired desorption pressure, or similarly a maximum desorption pressure exists for a
given copper loading shift. Equation 3.5 describes this relationship and is repeated
below for convenience.

(1 - xc,in) (JKc 2 % kh,CO 2 Pabs
1+KCO 2 AR

> (1 - xcUOut) (1+Kc02MAR + h,CO2 PEMAR

(C.10)

For simplicity, define the following:

Kco PMs
aabs K 0 2  as

bs K 0 2  jj;as
babs kh,Co 2 Pabs

aEMAR =Kc 0 2 MAR

bEMAR = kh,CO2 PEMAR

XCu XCu,out - XCuin

Substituting these definitions into equation C.10, we have

(1 - XCu,in) a, + bi > (1 - xcu,out) a2 + b2

(1 -Cu,in) a, + bi > (1 - (XCu,in+ Axc)) a2 + b2

AxcU > (1 - aC-,in) +
a2  a2

Returning to the original variable set, we have
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KC 2 P EMAR

1+KC0 2 fEMAR I
-/Cu in) L

(Kco2 .
02 mb

C(2 EE AR

l+Kco 2PEMAR /

AZCu > (1 - (Cu,in

hCk 1+KCO 2 EPM A R.
h,0 2 Kco

2 PMAR

E R 

(E MA R -

S ) +kh,C0 2 PEMAR - kh,Co 2 Pabs

( Kco2 PEMAR

( +Kc2 REMAR

abs 2  abs

Pabs )

For typical EMAR conditions, 1 < KCO2 Pjj < KCo2 MAR.
make the following simplifications

AXCU X$~ Cu,in)

KCO
2 PEMAR

+khc 2 Kco
2 PEMAR

I

Therefore, we may

( abs ) KcO2 IEMAR))EMAR J 02 Pbs

PEMAR - Pabs)

AxCu kh,Co 2 (PEMAR - Pabs ) (C.11)

222

AZCU > (1


