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Abstract

Fossil fuels are used widely for energy production and are likely to continue to play
a major role world wide for many years to come. Much work has been done on
the technology for capturing CO, from gaseous industrial effluent. For large-scale
applications like coal or natural gas-fired power plants, using amine solvents to
capture post-combustion CO, is the most mature CO, capture technology. This
technique can be used to retrofit existing plants by treating the flue gas after com-
bustion.

This thesis contains a dynamic mathematical model for the absorber column that
can be used to include more detailed reaction chemistry for the absorption of CO,
into an amine in the presence of O, as it becomes available. The dynamic model
is constructed from first principles and, while it is built using MEA as the ab-
sorbent to remove COs, it can be adjusted to cater for the removal of different
industrial gases with various absorbents. The model is solved using a commercial
solver, MATLAB Odel5s when reduced to a system of ODE’s by finite difference
in the spatial dimension. The flux of MEA, CO,, Oy and HyO across the phase
interface in either direction has been included and more components can be added
as required.

The loss of MEA through oxidative degradation has been quantified which is cur-
rently not available using commercial packages. Reaction rate kinetics have been
employed to predict the accumulation of oxidation products which is limited by
the incomplete knowledge of the dominant reactions between Oy and MEA. When
research has produced more detailed information about the products formed dur-
ing this oxidation, it can be inserted easily into the model.

Validation has been performed using laboratory data from CSIRO Energy Flag-
ship, Newcastle, and data from the CSIRO PCC pilot plant at AGL Loy Yang. A
limited parametric study of the impact of operating conditions on oxidation was
performed.
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Chapter 1

Modelling the COy Capture
Process

1.1 Introduction and Background

Fossil fuels are used widely for energy production and, due to their availability
and relatively low cost, are likely to continue to play a major role world wide for
many years to come [85]. The Intergovernmental Panel on Climate Change report
[62] considers the combustion of fossil fuels, such as coal and natural gas, to be
the main source of carbon dioxide emissions and that this is the major man-made
contribution to global warming. Indicators leading to this conclusion are the rela-
tionship between the increase in the global mean temperature and extreme weather
conditions, and the acidification of the oceans [84]. Mitigation technologies must
be found that stabilise the atmospheric levels of carbon dioxide (COy).

Current day ecological problems cannot be solved unless effective clean technolo-
gies are developed [73]. Several alternative technologies for capturing CO, do exist
[34, 85]. Chemical absorption/desorption is currently the most common technol-
ogy used for CO5 removal from industrial gases. Treating an acid gas such as COs
with alkanolamine solvents is one of the most important commercial technologies
because of its technical maturity and extensive use in the refinery industry. This
process has been applied to existing coal and natural gas fired power stations in the
form of retrofitted plants [15, 58]. It involves the capture of the CO from the flue
gas of fossil fuel power plants, followed by the transportation and storage of the
liquid COs. However, with traditional amine solvents such as monoethanolamine
(MEA) or diethanolamine (DEA), a significant energy penalty to the power plant
is incurred by the heat and power required to regenerate the amine solvent and
compress the CO, [16]. Other issues such as solvent degradation and corrosiveness
also lead to considerable increases in operating costs. The use of new solvents and



changing process conditions are continually being investigated [17, 66]. With these
changes come the involvement of different reactions and more uncertainty as to
the emissions from the absorption/desorption system.

In addition to the extensive laboratory work being undertaken, computer simu-
lations are needed to evaluate the new solvents and/or the modified processes.
Computer process simulations are recognised as essential tools in chemical process
industries and can be used to accurately model these new solvents and processes.
Experimental data from operating pilot plants and existing literature has been
used for validation. With the simulated program validated, it can be used to as-
sess the feasibility, the economics and the process conditions and to minimise plant
pollution. Currently the models do not include the degradation of the solvent over
time which effects the efficiency and cost of the process.

There is a need to develop a mathematical model that reflects the true long term
dynamic nature of the absorption of CO5 in MEA, including the evaluation of the
extent of degradation of MEA by oxidation in the absorber (and subsequently, by
heat in the desorber).

The mathematical model required to describe this process would be a set of differ-
ential equations, the solution of which are dependent variables that are expressed
as functions of independent variables. The dependent variables include, but are
not limited to, the concentrations of the components while the independent vari-
ables include, among others, the spatial dimensions of the column and time.

The chemistry of this absorption process is very complicated and in order to de-
velop the model, assumptions have had to be made. The first models, by necessity,
ignored all except the basic chemistry and used constants for such variables as den-
sity and viscosity which actually change with temperature and concentration. The
process reaction chemistry includes reactions between MEA, Oy, CO, and H50,
all of which can have an effect on the efficiency of absorption. The first models
only included the major reaction between MEA and CO,, sometimes the reaction
between HyO and CO,, but ignored the reaction between MEA and Oy due to
the complexity of the chemistry. The oxidation of MEA is known to have many
pathways but the dominating reactions under the absorption conditions are still
unknown [88].

These reactions are producing unknown products in the efHuents which need to be
identified and their influence on the surroundings understood [49, 80]. For over a
century, mathematicians have been attempting to produce a mathematical model
that will fully describe the process of absorption of carbon dioxide by a solvent.
Assumptions have had to be made in order to produce a usable model that resem-
bles reality [11, 19, 57, 61].

Emissions of oxides of carbon, in particular carbon dioxide, occur in large amounts,
are generated across the globe and are challenging to address. The absorption



process is being applied to industries whose flue gases contain large quantities of
carbon dioxide, such as those burning fossil fuels to produce electricity [5, 71].
Although CO, separation using MEA is a relatively mature technology in natural
gas sweetening, the process has not been optimized for the abatement of CO4 emis-
sions in flue gases from fossil fuel fired power plants. The extent of degradation is
greater in a flue gas environment. Because of the increased concern with efficiency
and the parasitic load on the plant, decreasing the amount of degradation is a
much more important issue than in previous applications of the MEA process [78].
Hence the need for the research in this work.

The work of this thesis aims to produce a computer program for the absorption
section of the absorption/desorption system which has been coded in such a way
that any acid gas and any absorbing solvent, along with the relevant physical and
chemical properties, can be inserted into the code as they become known. It can
also accommodate different packing elements, and changes in reactive gases and
components of the solution. The model can then be used to evaluate the degrada-
tion of the solvent and the composition of gaseous emissions from the plant. This
provides a means of determining these factors prior to the costly construction of
a full scale plant. It can also be utilised to optimise the operating conditions.
Absorption of acid gases is carried out by counter-current contact of a gas stream
containing an acid gas (such as COs) with an absorbent liquid (often an amine)
in a packed column.

CO, + 2RNH, — RNHCOO™ + RNHj (1.1)

where R represents an organic or alkoxy molecule associated with the amine group.
The “rich” solvent stream leaves the absorber column where the temperature is
about 315 K and is fed to a desorber column where the reaction is reversed by the
application of heat and the CO, is released

RNHCOO™ + RNH} — CO, + 2RHN H, (1.2)

The COs is collected as it leaves the desorber column where the temperatures
are about 50 K higher and the now “lean” solvent is returned to the top of the
absorber column.

Developing an accurate mathematical model to evaluate the mass and heat bal-
ances for the absorption and desorption processes has involved adopting some
assumptions. The desorption process is complicated by the presence of a con-
denser at the top and a reboiler at the base of the desorber column. Often flash
points exist at the inlet feed of both the vapour (from the reboiler) and the liquid
(from the absorber) to the desorber column.

Some mathematical models have assumed that the column is operating in a steady
state [58, 77]. There are three types: equilibrium based models, rate based models
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and dynamic models. Early equilibrium based models treat the process as if it
were at equilibrium throughout the column which is not a true representation of
the process of absorption. It was acknowledged that equilibrium is rarely attained
since the mass and energy transfer are actually rate processes that are driven by
the gradients of chemical potential and temperature [73]. Assumptions were made
to cater for the lack of the computational power required to cope with the number
of variables that would be otherwise involved and the limited understanding of the
chemistry at that time. These equilibrium models simulate the change of concen-
tration and temperature over the height of the column but are not able to be used
for prediction of the state of the column after a prolonged period of time [34, 60].
These approaches are usually sufficient to model non-reactive systems but carbon
dioxide being absorbed by an MEA solution in the presence of other potentially
active components is a reactive system [90]. The equilibrium models were also used
to determine the best operating conditions of the CO, post-combustion process in
order to maximise the CO, removal efficiency [57].

In the late 1980’s, a rate based model was developed to model continuous, multi-
component operations in an absorber column for the extraction of CO, from gases
[75]. Whereas previous models had considered the streams fed into the column as
either gas or liquid, the rate-based model broke the feed streams into their chem-
ical components. They contained mass and energy conservation equations for the
liquid and gas phases, the equations for each phase being connected by mass and
energy balances around the interface. Stage temperatures, pressures, vapour and
liquid flow rates were taken into consideration but component mole fractions were
also important. Boundary conditions needed to be specified for some of the vari-
ables in order to have a starting point for the evolution of the numerical solution.
Researchers still thought of the liquid and gaseous stream in any particular height
increment as being in equilibrium with each other although there was no definitive
proof that this was the case.

Several components are present in both the liquid and gaseous phases and all com-
ponents are involved in a complex series of reactions in the liquid phase [44]. It was
assumed that the interface was in thermodynamic equilibrium, that is, properties
such as the pressure and temperature at the interface remain unchanged within
each height increment. Molar holdup terms, which were ignored in the equilibrium
models, were introduced in the component mass balances for the liquid phase in
these later models as the processes now had a dynamic nature to them. By con-
sidering liquid holdup, an allowance was being made for any liquid that remained
on the surface of the packing. The liquid holdup was dependent on the gas and
liquid flow rates but the gas holdup was considered negligible due to the low gas
density [41, 72].

Resistances to mass and energy transfer in the gas and liquid phases were ac-



counted for by using separate rate equations for each phase which meant that a
term for the flux of an individual component from one phase to the other could
be incorporated where necessary. Now that the rates of equations were being con-
sidered in the process of absorption, the mathematical models had a much wider
application. Whereas they were generally used to design the absorption column,
they could now also be used to more accurately predict the performance of the
column when operating conditions are changed. This would allow for better pro-
cess control [3].

Dynamic models for the absorption process have been developed and studied but at
this stage, they have not been able to include all the complexities of the chemistry
involved. The full dynamic nature of the system is unknown and the consequence
of reacting CO, with MEA in a system containing Oz is not entirely understood.
Dynamic models have been designed that can predict the behaviour response
within the column to the changing physical operating conditions such as input
gas properties [15, 47]. These models do not assume that equilibrium has been
reached at all points and are a closer representation of the real conditions. They
include the transfer processes, mass and heat, in order to study the effect of tem-
perature and concentration on the rate of absorption. Limited reaction kinetics are
also included as is vapour-liquid equilibrium [19]. The current dynamic models do
not include information about the mass transfer of some of the important process
components, nor about the degradation of the solvent. Commercial packages such
as Aspen Plus and gPROMS do not account for the accumulation of oxidation
products. The volatility and the oxidative degradation of the absorbent are long
term time-dependent changes that are important to the efficiency of the overall
system of absorption.

Several authors investigated the kinetics of the process and concluded that the
most important factors to include in the model were the reaction kinetics between
carbon dioxide and monoethanolamine (called the carbamate reaction) and the
interfacial area [1, 45, 73]. The chemical reactions can be regarded as being in-
stantaneous or kinetically controlled. The dynamic models built in the last fifteen
years have been predominately based on six equations and the associated equilib-
rium constants, reaction rate constants and diffusion rates [35, 48, 71].
Instantaneous equations:

HQO — OH_+H+

HCO; = CO> +H*
MEAH* = MEA+ H*



Kinetically controlled equations:

CO,+OH- = HCO;
CO, + H,O = HCO; + H*
COs + MEA = MEACOO™ + H*

Fluxes of CO3, HoO and MEA between the gas and the liquid phases are allowed
in both directions [19, 32, 45]. However, no consideration is given to any reactions
between Oy and MEA and these are numerous, nor to any reactions involving the
other components in the flue gas nor any subsequent reactions involving O,. This
limits the usefulness of the models as predictors of environmental gaseous or liquid
discharges or for predicting degradation of the solvent, MEA. While some of these
models have assumed that the chemical reactions reach equilibrium, others take
a more empirical approach and include an enhancement factor to estimate actual
absorption rates from known physical rates [22, 45, 48, 63].

For dynamic simulation and control of complex reactive absorption processes, the
model development tries to achieve a balance between the required model accu-
racy to reflect the process complexity and the feasibility of process simulations
regarding the computational time. Descriptions of industrial reactive absorption
processes often lead to very extended systems of equations which may not be solved
reliably nor quickly enough. Model accuracy increases with complexity but so does
difficulty of computation [72].

1.2 Main contribution of the thesis

This thesis contains a dynamic mathematical model for the absorber column that
can be used to include more detailed reaction chemistry of the absorption of CO,
into an amine in the presence of O, as it becomes available. It is intended that in
the future it will be coupled with models of other sub-processes in order to form
a complete model of post-combustion carbon capture using amine systems.

Novelty

e The model can be used to predict absorption chemistry over a long period
of time.

e It allows for the flux of any gaseous or liquid component in either direction
between the two phases in the absorption column.

e [t uses reaction rate kinetics to predict the degradation rate of the amine.



e [t predicts the build-up of oxides in the solvent as a result of oxidative degra-
dation of the amine.

e It has been constructed for a column containing random packing and vali-
dated with experimental data and data from a retrofitted pilot plant.

e When future, more precise, reaction chemistry becomes known, it can be
incorporated into the model.

e It can be modified for absorption of any acid gas into any amine solvent by
changing the inputs and the appropriate physical constants.

e CSIRO required a dynamic model that can predict oxidative degradation
which the current commercial packages are unable to do at this stage.

1.3 Post-combustion capture of CO; with MEA

The absorption/desorption by MEA of the carbon dioxide is a two stage process
and consists of separate packed absorption and desorption columns. The pro-
cess relies on the reversible reaction between carbon dioxide and an amine, most
commonly MEA, the direction of the reaction being dependent on the operating
temperature. The overall reversible equation can be written as:

COy+2MEA = MEACOO™ + MEAH* (1.3)

At lower temperatures such as are found in the absorber column, reaction (1.3)
proceeds to the right and dissolved CO, forms a carbamate. When the temperature
is increased in the desorber column, the reaction is reversed and the carbamate
breaks down into its components, MEA and CO,, allowing the acid gas to be
collected. There is some discussion as to the actual mechanism of the formation
of the carbamate [1, 14, 23, 54]. It is thought to occur in two steps [87]

CO, + MEA = MEACOO™ + H* (1.4)

H*+ MEA= MEAH™ (1.5)

with equation (1.4) being slower than equation (1.5) and thus the rate determining
step. Within the absorption column, the flue gas, rich in the carbon dioxide, is in-
troduced to the bottom of the column in counter-current contact with an aqueous
MEA solution. The packing can be random packing or structured packing, the use
of which is required to disturb the flow of the solvent and vapour in order to create
a large surface area for mass transfer of components. Gaseous COs is the major
component that moves across the gas/liquid interface into the liquid phase. The
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CO; reacts rapidly in an exothermic reaction with the active solvent component
and the carbamate is formed. The gaseous effluent, which is now lean in COs,
is released into the atmosphere. The solution, rich in the carbamate, continues
through the system and is pumped from the bottom of the absorber column to the
top of the desorber column. The elevated temperatures in the desorber column
cause the reaction to be reversed and the CO; is released. The gaseous effluent
from the desorber column, consisting of CO, and H5O, is dried and the pure COy
is collected for storage or for further use.

The lean MEA solution is removed from the bottom of the desorber, passed through
a heat exchanger to reduce its temperature before being returned to a feed tank
to ensure a constant feed rate to the absorber. The solvent is made available for
further reaction with CO,. The capacity of an amine to absorb CO, by carbamate
formation is restricted by stoichiometry to a maximum of 0.5 mole of carbon diox-
ide per mole of amine. Figure 1.1 is a representation of the absorption/desorption
process which details the flow of input vapour and liquid phases but does not show
external heat exchangers, condensers, etc.

CO; free gas CO3 to storage/use
L] L

L
o | 99.9%CO;at1.4-2atm
L]
L]

€03 Absorption Column

€05 Desorption Column
Low Temperature High Temperature
L (40-60°C) - (100-150°C)
L b4 ° °
L L
- ;
] ° H
10-15% COz at 1 atm - : Pe . "
fluegas P £

Al

Power station

Figure 1.1: Simplified diagram of the absorption-desorption process



1.4 Dynamic modelling of absorption process

COs3 removal by amine scrubbing has been extensively studied. These studies have
focused on optimizing process operating conditions [4, 9, 15], improving or testing
new solvents [18, 69|, improving the process design to minimize energy consump-
tion [2, 4] and reducing plant efficiency losses [35]. Most of the modeling work
on this process has focused on steady state models, that is, they assume that the
power plant operates continuously at a given base load. However, power plants are
subject to start-up, shut-down and changes in the flue gas load due to fluctuations
in the coal feed rate and quality. The operation of the power plant significantly
affects the optimum operating conditions of the CO, capture process [40]. The
last twenty years has seen investigation on variable operations of the power plants
using dynamic models [15, 53].

Development of dynamic models is important since there is much information em-
bedded within the dynamics of a plant, which cannot be studied with the steady
state models [38]. To be of use the dynamic model of an advanced control applica-
tion needs to be solved in a fraction of real time. A balance between computational
complexity and the accuracy of the prediction is necessary [40]. Many papers dis-
cuss the development of dynamic models used to describe the physical and chemical
processes that take place in the packed absorption column [9, 19, 35, 41, 45, 48].
Kvamsdal presented a dynamic model of an absorber column in order to study the
behaviour of the absorption process downstream of a power plant that operates
at varying load but he did not include the vapourisation of MEA [45]. He also
used a rate based model but added an enhancement factor that accounted for the
reaction kinetics of the model. This method was also used by other modellers
[29, 77]. These models assume no volatility of the liquid phase and the main equa-
tion considered is that occurring between CO, and MEA. The partial differential
equations were transformed into ordinary differential equations by discretization
of the spatial variable. The mathematical models used a Matlab software package
to evaluate the rate of COy absorption changes with respect to the decrease in
MEA concentration in the aqueous solution [19]. Greer also discretised the spatial
variable and investigated the effect that the physical properties of the absorber,
the accuracy of the model and the number of discrete imcrements had on the
model computation time [35]. This dynamic model adopted the two-film theory,
considered multi-component mass and heat transfer and included some reaction
kinetics. It introduced changes to the operating conditions implemented using
Matlab in order to observe model efficiency. Greer’s model is intended for use for
design considerations and also for online control.

Gaspar and Harun developed dynamic models of both the absorber and desorber
column and used their models to evaluate the effect of changing the power plant
load and of decreasing the temperature of the input rich amine stream [32, 36].



Gaspar validated his model using pilot plant data found in the literature but no
degradation chemistry nor loss of MEA were included in their models. Jayarathna
worked on a model for the absorber to dynamically predict the plant start up
scenario and operation under varying load conditions [40]. Predictions of the
transient behavior appear realistic and agree with standard steady state models,
but need to be compared with real data as it was validated with literature data
only. Kenig developed a dynamic model of reactive absorption using a system of
partial differential equations which is solved numerically [41]. The model includes
multicomponent two-phase mass transfer, film and bulk reaction mechanisms, fluid
dynamic and heat effects. Lawal assumes negligible solvent degradation and shows
that the performance of the absorber is more sensitive to the molar ratio between
the liquid and gas flow rates, than to the actual flow rates of the liquid solvent
and flue gas [47]. This factor has also been demonstrated by Kvamsdal and Zhang
[45, 92]. The influence of the temperature and the concentrations of Oy and CO,
in the gas feed was studied by Leonard, and their effect on the MEA loss and
the emission of degradation products was quantified [49]. This work was all done
under controlled conditions in a laboratory. Based on these experimental results,
a kinetic relationship for both oxidative and thermal degradation of MEA was
proposed. However, these kinetic relationships have yet to be included in a model
of a CO, pilot plant.

The high energy requirement of the process for solvent regeneration, the loss of the
amine solvent by degradation (and consequently the emission of degradation prod-
ucts to the environment) and the corrosive nature of the conditions in the columns
represent the main operational negatives associated with the post-combustion CO,
capture with amines [6, 86]. The degradation and evaporation of MEA results in
loss of solvent from the absorption process, which, according to Abu-Zahra [2], re-
quires the replacement of approximately 2.2kg of MEA per tonne of CO4 captured.
Other authors estimate the number of kilograms of MEA lost per tonne of CO5 to
be in the range 0.2 to 3 [33, 42, 59]. Abu-Zahra estimates that the cost of solvent
make-up necessary to compensate for this decrease may represent up to 22% of
the process operative costs [2]. Oxidative degradation of the MEA is also known
to lead to foaming, fouling, increased viscosity of the amine and corrosion of the
system [78]. Moreover, the degradation of amine solvents leads to the formation of
a large range of by-products that may modify the solvent properties and decrease
the process efficiency [49, 70, 78, 81, 88]. Some volatile degradation products like
ammonia may then be emitted, potentially resulting in a significant environmen-
tal problem with COy capture plants. Although emission reduction technologies
exist (such as the (acid) water washing of the flue gas at the column outlet), the
problem of volatile products emissions may still be significant in large-scale oper-
ating plants [56]. There is no advantage in capturing COs if it implies considerable
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emissions of other products such as ammonia and organic acids [82].

Laboratory conditions close to those of an industrial absorption plant were adopted
by Lepaumier [50] and in a separate work by Leonard [49], but no kinetic model
of solvent degradation was proposed. Both papers indicate that MEA oxidative
degradation is the main cause of degradation in industrial conditions but the ac-
tual products being emitted from the absorber column are not specified. Although
previous studies have led to a better understanding of the solvent degradation
mechanisms, there is currently no validated kinetic model of MEA degradation
that is able to predict industrial scale degradation. Based on experimental results,
Leonard proposes a kinetic relationship for solvent degradation. It was found that
the oxidative degradation of MEA does not depend on the CO4 concentration when
COs is present in the gas feed, and that a higher degradation rate is observed when
no COy is present. The CO, loading appears to inhibit MEA oxidative degrada-
tion [49, 81]. These results also confirm that the main degradation pathway is the
oxidation reaction since no MEA loss can be observed in the absence of oxygen
[49].

1.5 Oxidation of MEA

Amines have been used for decades for the removal of COy from hydrocarbon
streams [43] but their use in an oxidising environment such as is found in a brown
coal fired power station flue gas is limited [7]. Oxidation of MEA is slow at room
temperature but occurs readily at high temperatures. The conditions in the ab-
sorber column are higher than room temperature but still low relative to pyrolysis
[7].

In an ideal MEA-CO, absorption system, the solvent is cycled through the ab-
sorber/desorber system. Some of the byproducts of MEA oxidative degradation
can decrease the efficiency of CO5 capture and have also been implicated in the
corrosion of machinery and toxicity to the environment [8, 68]. There has been
an awareness for over fifty years that the oxidative degradation of MEA needs to
be considered when constructing a model of COy absorption by MEA, but it has
been a very difficult task to undertake [64, 70]. Much research has been done
on the reactions that may occur between Oy and MEA and several authors are
in some agreement as to what these reactions and products are [76, 80, 88, 89].
Formic, oxalic and glycolic acids are the main carboxylic acids identified in de-
graded MEA samples from industrial pilot plants and their formation was re-
ported in many experimental studies [33, 49, 59]. Other products include, but
are not limited to, ammonia, 1-(2-hydroxyethyl)-formamide, 1-(2-hydroxyethyl)-
imidazole, acetamide, and oxalamide. Vevelstad [88] states there are nineteen
reactions that could take place within the conditions that would be found in the
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absorber column. Some authors have listed possible formation pathways of degra-
dation products from the oxidation of primary amines [51].

The development of a dynamic model without including the specific reaction(s)
for the oxidation of MEA is complex. Several papers have explained experimental
work that was done in order to determine an overall reaction rate for the oxidation
of MEA that can be used when incorporating the oxidative degradation of MEA
into a model for the COy absorber column [49, 81, 86]. Uyanga developed two ki-
netic models to predict the MEA degradation rate in the presence of SO, and Os.
The first can be used when MEA, CO,, Oy and SO, are present in the model. The
second is a more general model and allows for the SO, and/or Oy concentration
to be positive or zero [86]. Supap did more experimentation and developed a rate
equation that can be used with any of CO,, Oy and SO, removed without affecting
the usability of the model [81]. Leonard found that the presence of CO; created
an inhibiting effect on the oxidative degradation of MEA and this effect does not
depend on the concentration of the CO,. The influence of COy can be neglected
as it is always present in the capture process [49]. Since MEA is always present
in large excess in the absorber column under discussion and thus is not a limiting
factor, its influence on the degradation kinetics can also be ignored. Based on the
fact that the concentration of MEA and CO, does not influence the degradation in
the absorber, Leonard has described a relationship for the reaction rate for MEA
oxidative degradation. This reaction rate formula has been used in this work and
even though the precise chemical reaction (or reactions) are unknown, the amount
of MEA oxidation products building up in the absorber over time can be predicted
using this relationship.

1.6 Chemistry

The chemistry of this carbon capture process is complex and difficult to fully
model. Prior to entry into the absorber column the industrial efluent gas has
had the solid particulates and the various sulphates and nitrates removed in order
to reduce their impacts on the absorption process. When it enters the absorber
column, the flue gas is mainly CO,, Oy, H,O and Ny. The MEA solvent, which
is recirculated into the top of the absorption column, initially contains MEA and
H>0O. During the vertical movement of the phases through the column the com-
ponents transfer between the two phases. COy and Oy diffuse from the gaseous
phase to the liquid phase due to the concentration differential. A small amount
of MEA is vapourised from the liquid phase into the gaseous phase and is then
exhausted from the absorber column. The effluent gas is moist, and the liquid
solvent is approximately seventy per cent water, so the HoO can move either way
between the phases. The temperature and pressure at the position in the column
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dictates which way the flux occurs. As well as the transfer of components between
phases, there are also changes in concentration of the components of each phase
as they move the length of the column due reactions occurring in the liquid phase.
As the liquid phase flows down the length of the column, the CO, is transferred
into it and then reacts with the MEA to form the carbamate. The concentration
of MEA decreases whilst the concentration of the carbamate increases. The COsq
can also react with the HoO in the liquid phase but the reaction is very slow com-
pared to the reaction between COy and MEA [34, 74]. The former reaction can
be considered inconsequential in concentrated amine solutions such as those found
in the absorber system. Os also oxidises the MEA when it enters the liquid [88].
This is discussed in detail in Section 2.2.3.

There are several influences on the internal temperature of the two phases in the
absorber column although the column itself is assumed to be adiabatic. The tem-
perature differential between the two phases results in the transfer of heat from
one phase to the other. The reactions occurring in the liquid phase are exother-
mic. The vapourisation of MEA causes a decrease in the temperature of the liquid
and increases that of the gas, whilst the movement of water either increases or
decreases the energy content of the phases depending on whether it is condensing
or vapourising.

1.7 Deficiencies of Current Absorption Models

Previous models do not include all the chemical changes discussed in section 1.6
due to the difficulty in modelling them and also to the lack of chemical data for
some of the processes. For example

e Flux of Oy from gas to liquid has not been considered
e Predominant reaction chemistry between MEA and O is not known.

e Reaction between MEA and O, not included - therefore there is no knowl-
edge of the amount of MEA involved in any irreversible reactions and thus
withdrawn from the absorption process.

e Few models include vapourisation of MEA [71]
e Build up of oxidation products has been ignored.

e Emissions to the atmosphere of products containing nitrogen are unknown
over the long term

These points mean that the amount of MEA that is no longer available for reaction
with COq as the solvent cycles throughout the absorber/desorber system is not
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accounted for. This should not be ignored as the efficiency of the column is effected
by the withdrawal of available MEA and there are risks in atmospheric emissions
of unknown nitrogen containing degradation products. The model proposed in this
thesis includes the flux of Oy, CO,, H,O and MEA. This allows for the inclusion of
the vapourisation of MEA which is subsequently lost to the absorption process and
oxidative degradation of MEA which results in the build-up of oxidation products
in the liquid phase. The decrease of MEA by these two actions affects the efficiency
of the absorption system and hence the cost.
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Chapter 2

Development of the Model

2.1 Building the model

Absorption of a gas into a liquid involves flux across the gas/liquid interface,
followed by reaction in the liquid phase. The energy levels change as a result of
chemical reactions in the liquid, the heat of absorption of gaseous components
in the liquid and the heat of evaporation of liquids to the gaseous phase. The
absorption scenario can be described using an advection-reaction equation [30]
where the evolution of the chemical components can be derived from changes in
the mass balances. As the flow in an absorption column is counter-current and
the two phases have differing initial temperatures, the temperature throughout the
height of the column is also changing. This varying temperature affects the rates
of reaction, the rate of flux and other physical properties of the liquid and the
gas, such as density and viscosity. In order to increase the surface area between
the two phases to allow for greater mass transfer, the absorption column contains
random packing which influences the fluid dynamics. Consideration needs to be
given to the properties of the packing, such as liquid and gas holdup.

Unlike many previous models which consider absorption of CO, into an aqueous
solution of MEA as a system of five components [26, 31|, this model is a system of
seven components which can be expanded to include other components as required.
They include

e an inert carrier gas, No,

two reactive gaseous, Os and COa,

two volatile components of the solution, HoO and MEA,

a non-volatile carbamate that is decomposed by heat, and

non-volatile soluble products that are oxides of MEA.
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Currently, the precise proportions of products resulting from the oxidation of MEA
under absorber conditions are unknown and this model has been written so that
any future chemistry can be encoded as it becomes identified. As the oxidation
products of MEA are known to be soluble heat stable salts and the heat in the
stripper does not effect them, they build up in the liquid solvent as they recircu-
late through the absorber-desorber system. The accumulation of these oxidation
products is very slow but needs to be quantified, so the time that the system is
run for validation becomes important.

The proposed model is a dynamic model of the absorber system which considers
the chemistry of the changing absorption system. It includes the decrease of avail-
able MEA for absorption and the build up of oxidation products. This dynamic
mathematical process model is a system of partial differential equations(PDE’s)
with independent variables column height and time. The PDE’s have been de-
veloped from advection, flux and reaction equations which have been applied to
the absorption column. The system is used to describe the effects of operational
changes on the column but more importantly, the real time degradation of MEA
with oxygen.

The model contains a differential equation for each of the components of interest
in the liquid and gaseous phases and for the temperature of each phase. The com-
ponents included in the model are MEA, H,O, MEACOO~, MEAH™, CO, and O,
in the liquid phase and HyO, COy, MEA and O, (present as a component of air) in
the gaseous phase. The N in the air is not regarded as being involved in the mass
transfer nor in any reactions. In the liquid phase there is also a general term for
the oxidation products, OP, that occur as a result of reaction between MEA and
O,. The physical properties of the system such as density, viscosity and specific
heat capacity are expressed in terms of concentration and temperature and thus
vary depending on the conditions at the relative position in the column and over
time.

As with other dynamic models, this model contains the following assumptions.

e Both liquid and vapour phases are ideal mixtures.

e Liquid and vapour velocities within the absorber column are assumed to be
constant.

e Vertical diffusion within each phase is regarded as negligible when compared
to the advection/reaction effects.

e The absorption column is operated adiabatically.
e Interfacial surface area is the same for heat and mass transfer.

e Chemical reactions take place in the liquid phase only.
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e Due to a small liquid phase heat transfer resistance, the liquid interface
temperature can be considered equal to the bulk liquid temperature.

Mass balance equations determine the change of concentrations with time and
column height and the enthalpy balance determines the change in temperature
with time and height. The equation for the mass balance in the liquid phase,
equation (2.1), states that the change of concentration of a component, i, in the
liquid, C;, with time, ¢, is equivalent to the advection of the component in the
liquid flow plus the diffusion of 7 into or out of the liquid phase plus the rate
of generation or consumption of 7 due to reaction. The equation for the vapour,
equation (2.2), is similar but there is no reaction term. Component mass balance
for the liquid phase is:

8011' 80{, i awlN,- 1 Rl’z

ot~ "oz L I

(2.1)

and for the gas phase is:

ani . anz (ngNi
T T (22)

where subscripts /¢ and gi represent the liquid and gas phase components respec-
tively, ¢ is time (sec) and z is the height of the packing (mol). L and G are functions
of z and t and are the total moles of the liquid and gas(mol m~3), N; is the molar
flux between the phases (mol m~2 s™!) and a,,; and @y is the effective interfacial
area of packing per unit volume of liquid and gas (m? m™3), see Section 2.2.2. R,
is the consumption or production of component i as a result of any reaction.
and u, are the liquid and gas velocities (m s™!) with the direction of the gas flow
regarded as being positive and that of the liquid flow negative.

As the concentration of the liquid and the gas are measured in mole m™ and
thus their compositions change constantly due mainly to flux and reactions, an
equation for this change is required for L and G. They change with respect to z

and t according to
oL
e —ul —|—awl E N; + g Rx; (2.3)

oG
o = ug (9 — Qg Z N; (2.4)

-3

The equation for the change of liquid temperature with time and height, equation
(2.5), is the advection of heat content of the liquid plus the flow of heat between
phases due to the temperature gradient, plus the heat released or absorbed when
the components condense or evaporate, plus the heat released or consumed by any
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reactions, as well as a term for the change in temperature due to the transfer of
components from one phase to the other. Heat balance for the liquid phase is:

aﬂ 87—‘1 + hTawl(ﬂ - Tg) Ayl Z NiAHvap AHRx + awl(ﬂ - Tg) Z NZsz
—_— = Yy —
ot : 0z LCpl LCpl LCpl LCpl

(2.5)
where hy is the heat transfer coefficient (W m? K), AH,,, and AHp, are the heat
of vapourisation and reaction respectively (J mol_l) and C; is the specific heat
capacity of the liquid (J mol™* K™'). T is the temperature in Kelvin and and a,,
is the interfacial area of packing per volume of packing in the column (m? m™3).
The gas phase heat balance, equation (2.6), consists of the advection term plus
the heat flow due to the temperature gradient between the phases and a term for
the change in temperature due to the transfer of components from one phase to

the other. Heat balance for the gas phase is:

0Ty _, 0Ty  hrauy(Ty =T0)  auy(Ty = T) 32 NGy
ot 70z GC)y GC,y,

(2.6)

where C,, is the specific heat capacity of the gas (J mol™' K™'). For ease in com-
putation the model is developed using mole fraction as the unit of quantity.
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2.2 Mass Transfer

The mass balance equation for the liquid phase, (2.1), and for the vapour phase,
(2.2), can be constructed as follows.

2.2.1 Advection

Advection is the vertical movement of the components within the liquid and vapour
phases and is due to the bulk motion of the liquid and vapour [37]. It is represented
by the advection equation.

oC; oC;
= —Uu

ot 0z

C; concentration of component mole fraction

(2.7)

Interfacial area and mass transfer parameters are dependent on column dimen-
sions, operating conditions, (e.g. input flow rates, liquid properties including lig-
uid hold-up and diffusion coefficients) and packing constants. The different types
of packing have associated specific constants that represent the construction of the
packing, the dimension and the specific surface area of the packing. These char-
acteristics have an impact on the hydraulic properties of the absorption column.

2.2.2 Flux

Flux is defined as the flow of a component from one phase to the other phase.

Ni o

L

Flux term =

(2.8)

There is a similar equation for gas. In this model, the transfer of mass and energy
from the gas to the liquid is considered as positive. The flux term accounts for the
amount of the component that crosses the phase interface at a given instant and
height.

1. Flux through interfacial area

The molar flux of a component ¢ that crosses the vapour-liquid interface is
described by the overall mass transfer expression [22]

N; = Kgi(P; — F) (2.9)
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K, overall mass transfer coefficient moles Pa™! m~2 s!
P, vapour pressure in the bulk vapour Pa

P* equilibrium partial pressure in the bulk liquid Pa

2

(P; — P7) is the pressure differential and the driving force for the flux. If
(P; — P7) is positive, the component moves from the vapour to the liquid, if

negative, the component moves from the liquid to the vapour.

. Overall Mass Transfer

The mass transfer coefficients for both liquid and vapour are sourced from
Billet and Schultes [10]. Using the two film theory, the overall mass transfer
coefficient for the vapour components incorporating liquid and vapour side
transfer resistance is

1 1 H;

_1 9.1
Ky ko Ekn (2.10)

H Henry’s constant Pa m® mol™*
1 COQ, OQ, and HQO
kg4 mass transfer coefficient of ¢ in the vapour phase mol Pa' m2s7!
k; mass transfer coefficient of ¢ in the liquid phase m s7*
E  enhancement factor due to chemical reaction
Henry’s constant is calculated in point 8 below.

. CO, Enhancement Factor

Mass transfer is increased by chemical reaction. The enhancement factor
compares the level of mass transfer when reaction occurs to that when there
is no reaction and is represented by the following equations [22].

M- Dico,r
(leO2 )2

E = VM coth(v'M)

Dico, liquid phase diffusion coefficient of CO; m? s~
r reaction rate s!

1

The definition for the diffusion coeflficient of a solute in a solvent is taken
from Cussler [22].

4% 1075(¢M 05T,
Dico, = 22210 (OMWits0) T - (2.11)

06
Vi,oVeo,
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¢ empirical parameter for water
MW  molecular weight
vi,o Viscosity of water cP
V' molar volume at normal boiling temperature cm?® mol ™!

(M) 17.6724
Vo = €e\'C

TR T,,0004707 (2.12)
Tc  temperature Celsius
Gaseous diffusion coefficient was also adopted from Cussler.
1.86107°T"5 (g7 + 3)"”
Dyco, = TeR 2 (2.13)
Poco, n,*c0,,8,
o collision diameter Angstroms (Parameter from Poling)

2 Lennard-Jones potential dimensionless (Parameter from Poling)

. CO;, mass transfer

The mass transfer of COy occurs in both phases. The molar flux of COq
across the vapour/liquid interface is driven by

Neo, = Kyco,(Poo, — Plo,) (2.14)

The overall mass transfer coefficient K co, is as described in equation (2.10)
and includes the mass transfer coefficients in both the gas phase and the
liquid phase. The mass transfer coefficient for CO in the gas phase k,co, is

[10]
1 a’’? D U 3/4 v 1/3
koo, = Co 9C02 g kg (2.15)
T =) 2@ \(avky) Dyco,

¢, packing specific constant

¢ packing void fraction constant m? m~3
a specific surface area of dumped packing m? m?
h; liquid holdup m3 m~3
D,co, Diffusion coefficient in the gas m? st
Vg Kkinematic gas viscosity kg m~3

The mass transfer coefficient for CO, in the liquid phase is expressed as

[10]:
1/2 1/2
k‘lc()2 = 61121/6 u—L M (2.16)
hr, dp,
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uy,  velocity of liquid with respect to empty column cross-section mol s~
¢; packing specific constant
dp,  hydraulic diameter of the random packing m

The liquid hold-up is defined as the volume of liquid forming a film on the
surface of the packing or drops in the void space of the packing [79].

12Ula2le )1/3

h; = 2.17
( 9gprL ( )
vy dynamic liquid viscosity kg m™! s~}
g gravitational constant m sec™?
pr,  density of the liquid kg m—3
Dynamic (or shear) liquid viscosity vy is defined [91] as
100(t2)<t3+1)c]MEAl)
Vdi = VH,0€ n* (2.18)
where
to = 21.186cM EA; + 2373 (2.19)
~ Ceoy
ts = ——(0.01015Cy; 4,100 + 0.00937; — 2.2589) (2.20)
Cumral
cMFEA; mass fraction of MEA
Curear  mole fraction of MEA
Cco, mole fraction of CO,
Kinematic liquid viscosity vy is [91]
Va
Vg = — 2.21
w= (2.21)

The density of the gas is defined as the density of the individual gases mul-
tiplied by the mole fraction of each component gas [71].

PG = Zpgioi (2.22)

where ¢ are the components of the gas.

The density of the liquid is more dependent on the liquid temperature and
concentration.

[CO]
= (—0.000515847T, + 0.15402 +1.016)1000 2.23
pLQO ( [ME 4] ) ( )

22

1



CO)_ 1.016)1000 (2.24)

= (—0.000541818T,. + 0.23345
PLso ( + [MEA]

[CO]
= (—0.0005410917, + 0.31642 + 1.015)1000 2.25
pL40 ( [ME 4] ) ( )

PLy density of liquid at 20° C mol m™3

PLs density of liquid at 30° C mol m™3

pri, density of liquid at 40° C mol m™3

T, critical temperature K
[COs]  concentration of COq mol m~3
[MEA] concentration of MEA mol m~3
If [MEA] <0.20, then the density of the liquid is pr,,.

If 0.20 < [M EA] < 0.30, then the density of the liquid is calculated from

L = (X X pLzo) + ((1 - X) X PL30) (2'26)

where

X = (0.3 — [MEA])10 (2.27)
If [MEA] < 0.30, then the density of the liquid is pr.,.
If 0.30 < [MEA] < 0.40, then the density of the liquid is calculated from

PL = (X X pLso) + ((1 - X) X pL40) (2‘28)

where

X = (0.4 — [MEA]10 (2.29)
If [MEA] == 0.40, then the density of the liquid is p,,.

. O, mass transfer

O3 has low solubility in liquids thus the Henry’s Law constant for O, is very
large. This results in the mass transfer being slowest in the liquid and thus
the controlling factor. The overall mass transfer coefficient, equation (2.10)
can be reduced to

kio,
K,0, = B’[Z (2.30)
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where kjo, is the mass transfer coefficient of O, in the liquid. No enhance-
ment factor is necessary as the reaction occurs very slowly and any resulting
mass change is also very slow.

. H,O mass transfer

As the liquid is mainly water and MEA, it can be assumed that there is

negligible liquid resistance to the mass transfer of water and the term foo,
Ekico,

in (2.10) is assumed to be 0. The overall mass transfer coefficient for water
can be regarded as equivalent to the mass transfer of the water in the gaseous
phase.

Km0 = kgm0 (2.31)

where kym,0 is equivalent to equation (2.15).

. MEA mass transfer

It can also be assumed that there is negligible liquid resistance to the mass
transfer of MEA and thus the overall mass transfer coefficient for MEA is

Kympa = kgvea (2.32)

where kgapa is equivalent to equation (2.15).

. Equilibrium Partial Pressure

The equilibrium partial pressure of CO, and Oy in the bulk liquid is ex-
pressed by Henry’s Law which is a measure of the solubility of the gas in the
given liquid. Henry’s Law (for gases) for a binary system need not assume
an ideal gas phase [65].
Pr = H,C; (2.33)
) C02 or 02
Henry’s Law for CO, in water, Hoo, (in Pa) [21] is
3934.4_9412920.2)

Heo, = 100" 00777, (2.34)
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where T} is the temperature of the liquid and is < 353 K.

Henry’s Law for O, in water, Hp, (in Pa) [67] is

Po,

Hp, = 10°
O m02

(2.35)

Po, partial pressure of oxygen Pa
mQOs, mole fraction of oxygen
Henry’s Law for CO, and O, are also used in the calculation of the mass
transfer coefficients in point 2 of this section.
Raoult’s law is used to model ideal liquids.
The equilibrium partial pressure of HoO and M EA in the bulk liquid is
calculated using Raoult’s Law.

7 Hs0 or MEA,
P,, the partial vapour pressure of the component Pa

According to Raoult’s Law [55, 65]

1687.537
PvaQO = 10° x 10(5'115647 T/F230.17— 27315 )

10367

l

(2.37)

Poprpa = 92.624 — — 9.4699log,T; + 1.9 x 107°T;° (2.38)

. Wetted surface area

The wetted surface area available in the column, a,,, is the surface area of
packing per volume of packing [10].

=i (Gitis) (Mo") (Grages ) 9

€
dy, = 4— 2.40
h=4- (2.40)

o, surface tension of the liquid phase kg m™2

Vi kinematic liquid viscosity kg m~3
By definition, the kinetic liquid viscosity is equal to the dynamic liquid vis-
cosity divided by the density of the liquid [65].

vy = 2.41
= (2.41)
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For equations (2.1) - (2.6), a,, needs to be in the form of area of packing per
volume of liquid, or gas, rather than area of packing per volume of packing,
and has been denoted a,,; and @,g.

T 2.42

Gt = 3. (2.42)
Ay

Qg = h_g (243)

The liquid holdup, A; (m® m~3), is the volume of the packed column that
is occupied by the liquid at a given time (Equation (2.17)) whereas the
remaining void space in the column is assumed to be occupied by the gas
[10]. The gas hold-up is defined as the volume of the packed column less the
volume of the packing and the volume of the liquid in the column.

hg = € — hl (244)

3 3

hg gas hold-up m” m~

2.2.3 Reaction

The reaction term caters for the change of concentration resulting from any re-
actions that take place in the liquid. It represents the number of moles of the
component that are created or consumed per second due to reaction expressed as
a mole fraction.

RSEi
L

reaction term = (2.45)

where Rz; has units mole m™> s .

Two reactions are included in this model. The main absorption reaction represents
the removal of carbon dioxide from the vapour effluent when it reacts with MEA
in the liquid phase at low temperatures. It is a rapid two stage reaction:

COy+ MEA = MEACOOH (2.46)

The forward reaction rate, k¢, for equation (2.46) is

[MEACOOH]
ki = 2.4
T TCO)[MEA] (247)
and the reverse reaction rate, k,, is
[COs][MEA]
k. = 24
[MEACOOH] (248)
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The change of concentration of COy, Rxco,, for equation (2.46) is

Rxco, = —k?f[COQHMEA] + kT[MEACOOH] (249)

MEACOO~ + H* = MEACOOH (2.50)
The equilibrium constant, K2, for equation (2.51) is

[IMEACOOH|
K2 = 2.51
[IMEACOO-|[HT| (251)
MEA + H" = MEAH* (2.52)
The equilibrium constant, K3, for equation (2.53) is
[MEAHT]

e 9.

K3 (MEA|H] (2.53)

The overall equation, which has been included in all previous modelling of CO,
and MEA is
COy+2MEA = MEACOO™ + MEAH™ (2.54)

The forward reaction rate for equation (2.54) is k} and the reverse reaction rate is
kL. Rxco,, for equation (2.54) is

Raco, = —k[COS)[MEA]? + k}[MEACOO™]|[MEAH™) (2.55)

Equating equation (2.49) with equation (2.55):

k
1 _ f
K = A (2.56)
and k [MEACOOH]
= - 2.57
i [MEACOO-|[MEAH™] (2.57)
From equation (2.51) and equation (2.53)
[MEACOOH] K2 (2.58)
[MEACOO-|[MEAH*]  K3MEA] ‘
Thus equation (2.55) can be written
K2[MEACOO~|[MEAH™
Rxco, = —kff[CO2][MEA] + i [ ][ ] (259)

K3[MEA]
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This is the overall reaction rate, r, for equation ((2.54)) where r equals Rxco,.
The reaction of concern in this work is that between oxygen and MEA which
is irreversible and thus withdraws some of the MEA from the absorption system.

X0y +YMEA — oxidation products (2.60)

where X and Y represent the unknown amounts of oxygen and MEA (respectively)
involved in any reaction. Due to the many possible reactions between these two
compounds, it is difficult to choose one reaction that is more important than the
others for oxidative degradation [8]. Some of the reactions that have been identified
as producing formic, oxalic and glycolic acids are as follows:

1
MEA+ 350, — HCOOH +CNH, (2.61)
MEA + 20, — HOOCCOOH + N Hs + H0O (2.62)

It has been noted by Vevelstad that there are nineteen reactions that could take
place between oxygen and MEA depending on the conditions within the column
[88]. Experimental work has been done by Leonard [49] to construct a relationship
which he considers represents the reaction rate between Oy and M FEA in the
presence of either COs, SO5 or both.

Rio, = —5.35 x 10%¢ 101 ([Oy] x 1073)146 (2.64)

Rz, rtate of oxidative degradation mol m™3

The value for the activation energy is given in J mol™' and the pre-exponential
unit is (mol L™ s7)(mol L™!) 7146, Since MEA is always in excess, its influence on
the oxidative degradation can be assumed constant. This reaction rate has been
incorporated into the dynamic model, which allows it to predict the amount of
MEA which has been involved in the formation of degradation products but does
not tell us what the degradation products are.

2.3 Energy Transfer

2.3.1 Liquid Phase

The change in the heat balance in the liquid is a result of several factors. These
include the energy change from the bulk flow of the liquid, the heat transfer be-
tween the phases and the heat generated by the reactions. Other factors, such
as friction are assumed to be sufficiently low that they can be ignored [34]. The
factors considered in this model are:
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1. Change in energy content due to the movement of the bulk liquid

The temperature of the liquid is 7}, (K). The velocity of the liquid is wuy,
(m s71) and the flow of liquid is regarded as occurring in a negative direction.

oT,
—u,a—; (2.65)

2. Transfer of energy at the interface of the phases

The energy transfer at the interface of the phases is driven by the temperature
difference between the vapour and liquid phases and can be written
hTawl (Tg - T})
LCy

(2.66)

hy heat transfer coefficient W m? K
The Chilton-Colburn analogy is applied to obtain the heat transfer coefficient
in the gas phase [12]. The heat transfer between the liquid and the gas is
controlled by the resistance to heat transfer in the gas phase as the resistance
to heat transfer in the gas is much greater than that in the liquid.

C )\2 1/3
hr = K, <%) (2.67)
g

K, mass transfer coefficient in the gas m s™*

py density of the gas kg m~3
A thermal conductivity of gas Wm! K™
D, diffusivity of the gas m? 57!

3. Transfer of energy due to the flux of the components from one
phase to another

In this model, the components that are considered to move between phases
are CO,, Oy, MEA and H,O. When a component transfers from one phase to
the other it takes with it a body of energy which is at a different temperature
to the recipient phase. Thus the temperature of both phases is changed
by the transfer. COs and O, diffuse from the vapour to the liquid, MEA
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evaporates into the vapour phase and HyO moves from one phase to the
other depending on the conditions in the absorber column.
awi(Ty —T1) 32 NiChi
LCy

(2.68)

1 represents components COs, Oy, HyO or MEA

4. Change in energy due to the phase change of components

This model includes the evaporation of MEA and the vaporisation and con-
densation of HyO which results in the change of heat in the vapour and the
liquid.

awtl(Neoy AHapsco, — NvupaAHyaprviea — Noyo AHyapr,o — Noy AHapso,)
ICy

(2.69)
AHsco, latent heat of absorption of CO. J mol™*
AHgs0, latent heat of absorption of Og J mol™!
AH,pmea  latent heat of vaporisation of MEA J mol
AH,pm,0 latent heat of vaporisation of H,O  J mol

5. Change of energy due to reaction

There are two main equations under consideration. One is the overall re-
versible reaction between MEA and CO, where MEA is in great excess,
equation (2.54). This drives the equilibrium to the right at absorber tem-
prature and results in the formation of the carbamate compound. This
equation has been modeled previously as the mechanism kinetics of the re-
action are well known and is the basis of the absorption/desorption process.
The other equation which must be considered is that between MEA and O,
(2.60). Both of these reactions are exothermic and contribute to the change
in energy content

du

LCy

where dy is the amount of heat generated by the reactions included in the
model (J m™2). dg is equal to the moles of component per cubic metre,

(2.70)
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multiplied by the energy (in Joules) produced for each mole of component
generated by the reaction.

1 COQ or 02

2.3.2 Vapour Phase

The energy balance for the vapour phase is similar to the liquid phase except that
there is no heat generated from reactions or from change of state of any component
as they occur in the liquid phase only [32, 72]. The heat transfer term in the vapour
phase is constructed similarly to that in the liquid phase. The factors to consider
are:

1. Change in energy content due to the movement of the vapour
through the column

The temperature of the vapour in the column is 7T}, and the velocity is ug.

T,
—ug% (2.72)

2. Transfer of energy at the interface of the phases

This is equivalent to the term in the differential equation for the liquid phase
but the heat is transferred in the opposite direction.

hra.w,(Ty —T,)

2.
GClpy (273)

3. Transfer of energy due to the flux of the components from one
phase to another

M EA moves from the liquid to the vapour phase while CO5 and O, diffuse
in the reverse direction. HyO can diffuse in either direction and is dependent
on the properties of the two phases at the point in the column.

uwg(Tt — Ty)(NareaCprrea + Noo,Cpco, + No,Cro,) +awg(Tl — Tg)N,0Cpm,0
GOy GCpy
(2.74)
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2.3.3 Total Moles

Working in mole fractions has required the use of the flow rate of the liquid and
the gas in moles. As the composition of the two phases change with time it is
necessary to include a PDE for both the change in the total moles of the liquid
and that of the gas. See equations 2.88 and 2.89.

2.3.4 The Mathematical Model

The set of fifteen PDE’s for the model are as follows:

% — 86{;202 n NIC%CLM " 337502 (2.75)
36?;1514 — 301@1\;&4 NlMiA“wl sz/fEA (2.76)
a(j”\%w _ zaClM;ZACOO N RmszAcoo (2.78)

8szng1{ — aclngH 1 RIJ\EEAH (2.79)
9Ciop _ L 0Cop n Niopaw  Rrop (2.81)

ot 0z L L
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o1, 0T;  hraw(Ty — 1)) +awl(Tg — T1)(Nco,Cpco, + NuupaCormiea + No,Cpo,)

E - _u’E Lsz LCpl
+ awi(Neo, AHapsco, — NvpaAHyaprvipa — Nu,o AHpapi,0 — Noy AHabs0,)
LC,,
awi(Ty — T))Nm,0Cpr,o | dn

2.82
+ IC, 1o, (2.82)

oC 9COs anCOg Nyco,uyg
_ _ 2.83
ot v 0z G (2.83)

OCynipa OCgmpa  Ngmpaug

_ _ 2.84
oy Uy o (2.84)

anHQO anHgO NgHanwg
_ _ 2.85
. y—2 o (2.85)
9Cs0s _,, 9Co00 _ Nyosltuy (2.86)

ot 0z G

% —u 8Tg hTawg(ﬂ - Tg)+awg<ﬂ - Tg)(NCO2CpC'Og + NMEAOpMEA + NOQCPOQ)
ot "z GC,yy GO,y
aw(Ty — 1)) N1,0Cpmro
+
GOy

(2.87)

oL oL
E = —ul% + awl(Nco2 + NHQO + N02 + NMEA)

+ Rrco, + Rrypa + Reypan + Reypacoo + Rro, + Rrop  (2.88)

oG oG
E = uga — awg(N002 + NHQO + N02 + NMEA) (289)
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The boundary conditions are the number of moles of MEA, HyO, Oy and CO5 in
the flue gas, MEA, H,O, MEAH", MEACOO™ and OP in the solvent entering the
colummn, the input temperatures of the liquid and the gas and the total number of
moles in the liquid phase and in the vapour phase. The vapour and liquid leaving
the column are free boundaries. The initial conditions are the number of moles,
both vapour and liquid, of Oy, CO,, MEA, MEAH*, MEACOOH™ and H,O in the
column at t=0, the temperatures of the liquid and the gas in the column and the
total number of moles in the liquid phase and in the vapour phase in the column.
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Chapter 3
Solving the Model

3.1 Constructing a Numerical Model

The dynamic model has two independent variables, column height and time, and is
a system of partial differential equations (PDEs). Modern computing has made it
possible for dynamic models to incorporate factors which vary with column height
and time such as density, mass transfer rates, reaction rates and viscosity. The
dynamic model does not assume the system is in steady state.

This model is adapted from a system of advection-diffusion-reaction equations
[30]. Due to the assumptions listed in Section 2.1, there is no requirement for
a diffusion term in either phase, nor a reaction term in the vapour phase. As
there is movement of components across the liquid/gas interface there is a term to
account for the flux between phases. Hence, the liquid phase becomes an advection-
reaction system with a term for the flux of components and the gaseous phase is
an advection system plus a flux term. PDEs were used to describe the time and
space dependent variables (concentration, temperature) of the absorber column.
The mathematical problem arising from the resulting dynamic absorber model is
a boundary value problem (BVP). To solve this problem, the height dimension is
discretized to give an ordinary differential equation (ODE) in the variable time,
at various discrete height values. The ODEs formed can then be solved using
MATLAB odelbs solver. With the two phases running counter currently, the
boundary conditions for the liquid are known at the top of the absorber and those
for the vapour at the bottom. The boundary values for the system are given
by the inlet compositions, the temperatures, and the flow rates of the liquid and
gas phases. It is assumed that initially the absorber column contains the flowing
solvent and void vapour space and the flue gas is released into the bottom of the
column.

One algorithm required to solve these types of problems is the finite difference
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method [83]. For the work in this thesis, both the backward and forward finite
difference methods have been employed to integrate for the height variable while
the MATLAB odelbs solver has been used for the numerical solution of the time
variable. The height of the column, z, is discretized into a vertical step size of
Az with each discrete height denoted by zAz where 1 < x < n. Then the
spatial partial derivatives are approximated by either the forward or backward
difference method which produces a series of ODE’s as shown in equations 3.1
to 3.6. Equations 3.1, 3.2 and 3.6 use the forward method and equations 3.3,
3.4 and 3.5 employ the backward method. The value of the gas concentration of
component ¢ at point Az is a function only of the variable ¢ and is denoted by
Cy.iz(t) with 1 < x < n. Similarly, the liquid concentration of each component
at point Az is Cj; ,(t) with 1 < 2 < n. The boundary condition for the gas is
given by C,;1(t) and for the liquid Cj;,(¢). The initial conditions are C,; ,(0)
and Cp; ,(0). Equation 2.2 can be re-written as

dcC, %,T sz_oza}— w, xNz:c
9,7 _ug< g% A 9,7, 1) +a 9, » (3'1)

dt z G,

for 2 < & < n. Using the forward difference method again to approximate the
spatial derivative, an expression for the temperature change in the gas is obtained.
This is the numerical version of equation (2.6).

dTg,x —u Tg,x - Tg,xfl + awg,IhT(Tg,x - Tl,x) + Awg,x Z Ni,wcpi,x(Tg:I — Tlvl‘>
dt g AZ chpg,:c chpg,:c

(3.2)
for 2 < x < n. For liquid concentration and temperature, the backward difference
method is used to approximate the spatial partial derivative because the boundary
conditions for the liquid phase at the top of the column, where x = n, are known.
Equation (2.1) is approximated for 1 <z < n — 1 by the equation

dCl,i,:p Cl,z‘,z+1 - Cl,i,x i awl,:pNi
_— = —U
dt : Az L,

For equation (2.5) the equation becomes

< + Rx(cl,i,xa ﬂ,xy Lx) (33)

dﬂx ﬂx+1_ﬂx awlth awleNiprim(ﬂx_Tgm)
9 — ) ) 9 T o= T > ) ) 9 9 9
di “l< Az )+Lxcpl,x( ta = Tya) + LoCo
d Auwlz(Tio — Ty oz ]\TZA[’Iz
L el — Tya) ) (3.4)
LxCpl,x LxCpl,az

The two additional equations that represent the change in concentration (mole m—3)
of the liquid and the gas phases are:

dL:r o Lx+1 - Lx Aoyl 2 Z Ni,x Z Rxm
a ( A- ) L L (35)
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dGm o G:r - Gmfl awg,z Z Ni,z
o = Us ( a ) - o (3.6)

MATLAB ODE15s was chosen to solve the system of ODE’s. A time increment,
At, is assigned so that ¢ = jAt becomes a discretization of the time variable
for which MATLAB reports the values Cy;,(jAt) = Cj;4 ). This method can
proceed successively to calculate all variables at time increment j + 1 from those

already calculated at time increment ;.

Stability of the numerical solution is guaranteed if we let At = min {& Az

, } since
’Ug v

both Courant-Friedrich-Lewy numbers, vg% and vl%, must be less than 1 [28].

3.2 Validating the Model

The model is validated with real data from a retro-fitted pilot plant at the AGL
Loy Yang power plant. This retro fitted pilot plant is used to quantify the degra-
dation of MEA and thus the rate of accumulation of oxidation products. This
pilot plant has the absorption section split into two absorber columns connected
in series. The two sections are joined with piping that was not lagged during the
data collection period and, as a result, the temperature profiles contain a discon-
tinuity in the data. The impact of this temperature change on the concentrations
of the gas and the liquid is minimal. In order to confirm that the model is a true
representation of the behaviour of the temperature and the absorption of CO5 and
could be used to quantify the oxidation of MEA, the model is initially validated
against experimental results from the single laboratory absorber column at the
CSIRO Energy Flagship at Newcastle. This column does not have the disjoint in
the temperature but it also does not have O, as an input so there are no exper-
imental results to indicate the change in the MEA concentration from oxidative
degradation. This aspect of the model can not be tested.

3.2.1 Validating Model with CSIRO Laboratory Column

The laboratory column at the CSIRO laboratory in Newcastle is a stand alone
column with constant input of both gas and liquid. The input gas contains known
concentrations of CO,, H,O and Ny and the input solvent known concentrations of
MEA and Hy0. The column consists of nine 0.3m sections of random packing al-
ternating with eight 0.3m void sections where parameters such as temperature and
concentration can be measured. The top section of packing is used as a demister
and is above the solvent input which means that only the bottom eight sections
of packing are involved in the absorption system. The total height of the random
packing for absorption and the void sections is 4.8m. Using the physical properties
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of the column and the packing, it was determined that the surface area available
for absorption in the void sections was equivalent to 0.665% of the total surface
area and this was considered to be insignificant in the absorption calculations. The
height of packing available for absorption of gas was 2.4m. The packing used is
16mm stainless steel Pall rings. Tests were conducted with the concentrations of

0.148m

—

Outlet Gas

Lean Solvent
0.3m I
0.308m ]
Packed 5
section
Sample — |
section
Feed Gas Rich Solvent

Figure 3.1: Newcastle laboratory absorber column

both inputs being held constant during each run but varying between runs. The
concentration of the COs5 in both inlet and outlet streams was determined and used
to validate the model for CO, absorption. The absorber was run with input liquid
to input gas concentration ratios (L/G) ranging from 2.30 to 9.35. The system
was assumed to be adiabatic. Influences such as the characteristics of the internal
packing used in the column are included in the model. As there is no pressure
build up, the input phase velocities are regarded as constant. The parameters,
experimental data and the resulting graphs for two sets of data that were used for
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validation of the model have been included here. Although the laboratory column
did not produce data to indicate the accumulation of oxidation products and could
not be used to validate the degradation of MEA, it was used to validate the model
for CO4 absorption. See Figures 3.2 and 3.3 and Appendix A.

Figure 3.2 shows the temperature and COy profiles for data Run A, where L/G
is 9.35 and Figures 3.3 are for Run B with L/G of 4.214. These profiles are rep-
resentative of the system 30 minutes after it has reached a pseudo steady state
(which takes from 2 to 5 minutes). The solid line represents the average temper-
ature of the vapour and the liquid from this developed model, the blue dotted
line is the model produced by Saimpert et al [71] (a rate-based model for the
Newcastle column) and the red dots represents the temperature from the exper-
imental results from the CSIRO laboratory column. The model data in the two
temperature graphs produced follows the experimental data and shows superior
correlation to that of Saimpert et al. The movement of the position of the temper-
ature bulge follows the findings of Kvamsdal [46] who found that if the L/G ratio
is higher, the bulge tends to the base of the column and a lower L/G ratio means
the bulge moves towards the top of the column. The temperature maximum in
Run A (with the higher L /G ratio) occurs at a column height of 0.22m while that
of Run B occurs at 0.65m. This is another indication that the model is performing
as expected. One factor that could explain the small discrepancies between the
simulated temperature curve and the experimental curve is the unavailability of
packing constants (C,, C;, C},) for the 16mm metal Pall ring packing used in the
absorber column. Packing constant data for 25mm metal Pall ring packing was
used for the model. The temperature curve in Figure 3.2 is slightly higher than
the experimental results as the column is assumed to be adiabatic even though
some heat loss from the system would be expected. In Figure 3.3 with the lower
L/G, the temperature peak moves up the column due to the shift in the position of
greatest absorption. It would be expected that the temperature bulge would move
further up the column but the differences in the curves are within an acceptable
error margin. The standard error of the residuals, RSE, for the model temperature
curve is 4.88°.

The graphs for the absorption of COy show good correlation with Run A having
a RSE of 0.008 mole fraction and correlation coefficient, R, of 0.837 while Run B
has a RSE of 0.011 mole fraction and R of 0.969. This is interpreted as strong
correlation between the experimental data and the model data. The concentration
of the CO5 at 0.21 m in the column in both runs was contaminated with extra
water due to a fault in the sampling system and thus is lower than it should be.
From the above results and discussion, it was concluded that the model was a
good represention of the single absorber column and could be applied with some
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Figure 3.2: Profile for a) temperature and b) COs absorption, Run A, Newcastle

confidence to the more complex split absorber column in the pilot plant at Loy
Yang power plant.
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3.2.2 Validating Model with CSIRO Retro-fitted Pilot Plant

CSIRO has retro-fitted a COs capture pilot plant to the lignite-fuelled power sta-
tion at AGL Loy Yang in Victoria and the industrial flue gas is fed directly from the
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power station into the pilot plant. The pilot plant consists of two absorber columns
connected in series, both containing two sections of 1.35m of random packing with
a small void section in between to cater for temperature measurements. There is
also a solvent make-up tank (or feed tank) which is included in this model. They
are part of a complete system which includes a desorber, heat exchanger, reboiler,
condenser and other necessary equipment that are not part of this mathematical
model. The gas is fed into a pretreatment section where the sulphur and nitrogen
oxides and any particulates are removed before proceeding to the bottom of the
first absorber column, ABS2. The input flue gas to the base of this column consists

Knock-out drum ST Absorber 2 Abi’%”@dmm flue gas
pre-treatment G3 S
G2 Z Wash column
e Make-up NaOH
G1 Make-up
Blower
Solvent
make-up|
L2 Tank L1
Condensates and
Particulates Spent NaOH recycled L3 CO; product

Steam

—'7 - ondensate
Reboiler

(plate and frame type)

Figure 3.4: Simplified process flow diagram at CSIRO PCC pilot plant at AGL
Loy Yang[5]

of known concentrations of HyO, Ny, CO5 and O,. The input solvent is fed into the
top of the second absorber column, ABS1, and runs counter currently to the gas
feed. It consists of HoO, MEA, some residual carbamate compounds and oxides of
the solvent which were not removed in the desorber. (Further details of the pilot
plant operation can be obtained from Cottrell et al and Artanto et al. [5, 20].)
The temperature was recorded by thermocouples inserted in the void sections of
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each column and is an average temperature of vapour and liquid rather than mea-
sured individual phases. As the columns were at low temperatures (about 323°K)
radiation losses from the thermocouple tips can be regarded as insignificant and
any uncertainties in reading were inherent calibration errors only. For this study
the concentration of the input gas from the pretreatment section is assumed to be
constant. That of the liquid solvent varies as the modelling proceeds. The model
has been validated with data from the AGL pilot plant which has temperature
measurements at the inlet and outlet to each column as well as in the void sec-
tion between the packing. The concentration of the components in the input and
output liquid and gas for each absorber column is also known. This work does
not consider operational changes as other authors have reported on the effect of
variable operations on an absorption pilot plant [9, 15, 27, 39].

The packing used in the absorber columns is 25mm stainless steel Pall rings and
the associated constants were obtained from Billet and Schultes [10]. Unlike the
Newcastle column, this PCC pilot plant did produce data which included inputs
and outputs of oxygen. This data was used to validate the model for both CO, ab-
sorption and, indirectly, for the degradation of MEA. While operating the CSIRO
PCC pilot plant at AGL Loy Yang, it was found that water was lost during the
cycle and there was a need to top up the volume in the feed tank. This additional
water is not measured accurately during operation of the plant but it is neces-
sary to keep the total volume of the liquid phase constant. The replaced water
was slug-dosed on an ad hoc basis, but the model incorporates it as a continuous
make-up feed. This water loss is thought to occur due to evaporation in the des-
orber. The amount of HyO lost from the solvent each cycle was determined from
a mass balance around the feed tank. The total MEA in the liquid at the bottom
of the absorber is as follows.

Crmeatot,j = Cruran; + Cvueacooi,; + Cyueami,; (3.7)

where Cyrpa tor,; is the total mole fraction of MEA at time j.

As the CO5 removed in the stripper should match the loading in any particular
run, the ratio Cyrpacoor to Cargator Will be constant for that run. The moles of
the five components of the solvent entering the feed tank is represented by the
following equations.

C i
MEASJ = <1 - QM) CMEA,tot Vz At (38)
C’MEA,tot,i
c ;
MEACOO;,; = <M> Cupator Vi At (3.9)
C(MEA,tot,i
C i
MEAHSJ - (M) CME'A,tot ‘/l At (310)
CMEA,tot,i
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HQOSJ‘ = mHQO(Lj) ‘/l At (311)
OP,; =mOP;; Vi At (3.12)

where MEA; ;, MEACOO; ;, MEAH, ;, H,O,; and OP;; represent the moles of
each component as they leave the stripper. Carpacoori and Carga o are the
initial mole fractions of MEACOO and total MEA in the liquid phase. V] is the
flow of the liquid in moles per second obtained by multiplying the constant mass
flow rate with the density of the solution as it leaves the absorber dt is the time
step which is the minimum absolute value of the two variables, e 2 and dz . The
discrepancy noted in the mole balance around the feed tank was taken to be equal
to the amount of water added at the feed tank and is expressed as HyO,,.

The focus of this work is to produce a model of the absorption column that will
predict the degradation rates of MEA and, as a consequence, the accumulation
rates of oxidation products (OP) in the solvent as it circulates throughout the
absorption/desorption system. Previously, degradation has been quantified by the
evolution of ammonia, not oxygen consumption, however oxidative degradation
can occur without the production of NH3z or the NH3 can be consumed in a fur-
ther reaction [33]. An example of this is the formation of oxalic acid followed by
oxalamide.

HOCQH4NH2+202 — HQCQO4+NH3+H20 (313)
HOOQH4NH2 + 202 + NH3 — 02H4N202 + SHQO (314)

Using NHj as an indication of oxidative degradation results in lower levels of oxi-
dation products being predicted than actually occur.

The oxidation products that exit the absorber column are heat stable salts which
pass through the desorber unaltered and proceed to the feed tank. As the moles
of oxidation products increase over time, the concentration of available MEA de-
creases. The exact oxidation reactions are unknown and the three reactions that
are thought to be most likely [7, 8, 70, 88] have stoichiometry of 0.5, 1 and 2, (refer
to equations (2.61) to (2.63)), so for this model the stoichiometry of the oxidation
reactions was taken as 1 MEA: 1 OP. The accumulation of the oxidation products
does not effect the degradation rate of MEA [33].

The number of moles of MEA in the feed tank at time (5 + 1) is equal to the
moles of MEA in the feed tank at time j, plus the moles of MEA entering the feed
tank from the stripper from time j over the increment At, less the concentration
of MEA that left the feed tank at time j. nV}, is the total moles of components
in the feed tank.

Similar relationships are used for the moles of MEAHY, MEACOO™ and oxida-
tion products. The equation for water also includes a term for the consideration
of the water loss from the system.

HgOn,jH = CHgOn,j ?IVfth + HQOS]' - HQOnJ‘ Vi At + H,0,, (315)
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H50,, is the extra water added in replace the water lost through the system due
to evaporation in the stripper and is calculated by a mole balance around the feed
tank assuming constant moles in the feed tank. Each equation is then converted
into mole fraction before the solvent enters into the top of the absorber. The total
number of moles in the feed tank, n;., is the total moles of MEA, MEACOO™,
MEAH™, HyO (including additional water) and OP. The equation for MEA in
mole fraction entering the top of the absorption column is:

CMEAl,n,j nvft(n,j) + MEASnyj — MEAZ, Tl,j ‘/l At

Mot

CMEALNj+1 = (3.16)

Similar equations are applied to the four other components. These relationships
provide the changing boundary conditions for the liquid at the top of the column
which occur due to the accumulation of the oxidation products.

Validation and Discussion Validation of the model was done with two sets
of data from the AGL Loy Yang pilot plant and they have been notated as Run
280509 and Run 061011. The data was chosen with regard to the magnitude of
L/G in order to have two different conditions for the verification of the work. Run
280509 has L/G of 3.97 while Run 061011 has L/G of 6.44. Run 061011 should
produce a bulge in the temperature graph towards the base of the column. Greater
absorption results in an increase in temperature from the exothermic reactions
and this can be seen in figures 3.5 and 3.6. Initially the absorption system was
modelled as one absorber column 5.4m high. Figure 3.5 and Figure 3.6 are the
outputs for the gaseous COy and H,O for the two data sets and the graph of the
average temperatures for the height of the column about 15 minutes after the model
has reached steady state. The shape of the curves match that shown by several
other papers [40, 71, 77, 85]. The squares represent the experimental data points
and their temperature graph clearly shows the position of the temperature change
between the two columns. The boundary conditions are the input temperatures
and concentrations of the gas and the liquid. The discrepancies between the model
vapour input temperatures and the experimental vapour input temperatures occur
because the model is calculating with individual gas and liquid temperatures but
the results are plotted using average temperatures. As well as the input values, one
other data point is available at the outlet of ABS2 for COy and H,O validation.

The experimental data at height 0, 1.35 and 2.65 metres in the temperature graphs
are the results for the bottom, middle and top of ABS2 while the data at 2.75,
4.05 and 5.4 m are from ABS1. The model is assumed to be an adiabatic system
but the experimental results indicate otherwise. The two absorber columns and
the piping between them were not insulated at the time of operation. As the
data came from October (Spring) and May (Winter), it would be expected that
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the surrounding air temperature, which was typically 45 K lower than that of the
column, would reduce the temperature of the phases as they passed through the
connecting piping. The experimental data shows a temperature drop between the
two absorption columns which is not evident when modeling the system as one
column. Heat loss from the column may also be a factor affecting the height of
the temperature bulge. This temperature dislocation between the columns will
effect the absorption of the CO, and this may be explained by the intermediary
experimental point in the graph of CO, absorption (Figure 3.5 and 3.6) which
indicates less absorption of CO5 at that point than is shown by the model. There
model shows a final absorption reading within 10% of the experimental data for
the concentration of CO5 removed from the flue gas.

The movement of the temperature bulge towards the base of the column is as
expected for data with the higher L/G ratio, Run 061011. This is also validated
by the shift in the peak of the water content in the vapour phase in Figure 3.6. A
higher temperature results in greater water loss from the liquid phase. Figure 3.5
and 3.6 also show the removal of CO5 and HyO from the gas for the total length of
the packed column. The graph shows good correlation for the exit concentrations of
gaseous CO4y and H,O despite the absorber column being operated as two separate
sections. The HyO curve for the model exhibits significant H,O evaporation and
this is in agreement with the experimental work done by Simon et al which is
represented by the triangles on the graph [77]. Figure 3.7 is the graph of the
temperature when the absorber in Run 280509 is modelled in two sections (but
placed on one graph) and shows the experimental data points and the simulated
values from the model. The shape of the temperature curve in both ABS1 and
ABS2 reflects the data with the maximum value occurring at similar positions in
the graph. The experimental data points of the temperature curve in ABS2 are
about 8° below the simulated curve. This is a similar result as reported in the
work of Artanto et al [5] and can be attributed to the jump in temperature at the
base of ABS1 of 6°.

The graph for Run 061011, Figure 3.7, reflects the results obtained for Run 280509.
The L/G ratio is higher in Run 061011 so the temperature bulge is closer to the
bottom of each column. There is more liquid to absorb CO as the gas enters the
column which leads to a temperature increase at the bottom of the column. The
temperature range in both absorber columns in this Run are 5° — 10° higher than
in Run 280509.

Some parameters were altered in order to examine the effect of their change on
the absorption of COy and the accumulation of oxidation products. The input
temperatures to the column were increased by 10°, and also decreased by 10°, to
determine the effect this would have on the removal of CO, and the accumulation
of oxidation products. Figure 3.8 shows that 1.6% more CO, is absorbed when the
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Figure 3.8: Effect of temperature change on a) CO, absorption and b) accumula-
tion of oxidation products, for Run 280509, AGL Loy Yang Pilot Plant
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temperature is decreased by 10° when using a time period of 16 minutes. Over the
same period, 13.5% less oxidation products were formed. (See Figure 3.8). When
the average temperature of the column is increased by 10°, absorption of CO is
decreased by 1.7% and the formation of oxidation products is increased by 10.5%.
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Chapter 4

Degradation

4.1 Assessing Oxidative Degradation of MEA

Up to this stage the validation of this model has been based on the data produced
once the model has reached a relatively steady state. This has been done in
order to assess the validity of the model before using it to calculate the rate of
degradation of MEA and accumulation of the oxidation products that are produced
as a consequence of this degradation. To assess the rate of oxidative degradation
of MEA the data needs to be analysed over a long period of time rather than at
steady state. This program was run for a simulation period of 400000 seconds
(111.1 hours) and the data produced by the simulation was used to calculate the
kilograms of MEA lost per tonne of CO, produced as predicted by the model using
Run 280509.

It is known that the expected value for the number of kilograms of MEA lost
per tonne of COs captured should be in the range 0.2 to 3.0 [33, 42, 59]. These
figures were produced from laboratory experiments and one pilot plant where the
feed gas was approx 5% O, on a dry basis. Typically the Oy concentration in
flue gas streams is 6% wet [81]. In the AGL Loy Yang PCC pilot plant, the Oy
concentration in the feed gas was in the range of 5-8% on a wet basis which, when
to converted to a dry basis, is higher than that for the laboratory experimental
data.

4.1.1 Degradation of MEA

Using the information from the data provided by the CSIRO PCC pilot plant at
AGL Loy Yang for run 280509, 15.7 kg of COs is produced per operating hour.
Thus it takes 63.69 hours to collect 1 tonne of CO;y. Reading from the computer
model for this run, 26.286 moles of MEA are lost in 111.1 hours which is 0.01443
kilogram of MEA lost in 1 hour. Thus 0.919 kg of MEA is lost per tonne of
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Figure 4.1: Degradation of MEA (mole fraction), Run 280509, Loy Yang Pilot
Plant

CO; recovered which is within the range cited previously. Some of this loss is
by vapourisation into the gas phase. Using the values in the computer model to
quantify the vapourisation of MEA after a simulation of 111.1 hours it was found
that:.

Concentration of gas leaving absorber = 40.06 moles m?

Flow rate of gas = 0.035 m3 sec™!

Moles of gas per sec = 1.402079

Mole fraction MEA in gas = 9.3303 x 1078

Moles of MEA in gas = 1.3082 x 10~ "moles sec™*
Mass of MEA in gas = 2.87 x 107 °kg hr*

Loss of MEA to vapourisation during the absorption of 1 tonne of CO5 is 1.83x 1073
kg. According to the literature, [25], 0.08kg of MEA is lost by thermal degradation
per tonne of COy produced when the temperature of the stripper is 381 K.

Total loss of MEA = loss by vapourisation
+ loss by oxidative degradation + loss by thermal degradation (4.1)

=1.83 x 107° +0.919 + 0.08 (4.2)
Total loss of MEA = 1.00083kg per tonne of COq (4.3)
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This would make a total loss of MEA to the system of approximately 1.00083 kg
per tonne of CO,. Figure 4.1 shows the decreasing input concentration of MEA
in the liquid over the simulated time of 111.1 hours. The mathematical model
constructed in this thesis was used to quantify the accumulation of components
that resulted as a consequence of oxidative degradation of MEA.

4.1.2 Accumulation of oxidation products (OP)

TR
o
[

D.DDfi-.--""'E”". f

0002 .

conc, oxidation products in liquid {mole fraction

o

height ()

time (sec)

Figure 4.2: Accumulation of oxidation products (mole fraction), Run 280509, Loy
Yang Pilot Plant

From the computer model, 0.0056 mole fraction MEA is lost in 111.1 hours
while 0.0112 mole fraction of OP is accumulated. This reflects the increasing
trend seen in Figure 4.2 which shows the accumulation of oxidation products.
Using the total number of moles in the system at time 400000 seconds (from the
model), 26.286 moles MEA are lost while 52.57 moles of OP are accumulated.

If the oxidation products (OP) are assumed to be one third each of oxalic acid,
formic acid and glycolic acid, then the average molecular weight is 70.70 g mol ™.

52.57 x 70.70 " 3600
1000 400000

Gain OP = (4.4)
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Gain OP (kg hr™') = 0.033450

A gain of 0.033450 kg hr~! of OP is equivalent to an accumulation of 2.13 kg
OP per tonne of CO, produced. Natural gas power plants (NGCC) operate with
a much lower level of CO, but higher level of Oy when compared to brown coal
power plants [13]. Where the brown coal system has 12% COs and 6% O, in the
input flue gas, natural gas has 4% CO; and 12% O,. Figure 4.3 compares the
comparative rates of absorption of COy in a NGCC and a PCCC power plant
generated by the model developed in this thesis. As the input flue gas passes up
the column in a PCCC plant, 68% of the COy is removed whilst in the NGCC
plant, 72% of CO, is removed. The different levels of Oy and CO, in the input
feed gas has minimal effect on the absorption of CO,. However, the model predicts
that the accumulation of oxidation products in a natural gas plant is 4.8 times the
accumulation in a brown coal power plant over the same period of time. This is
in agreement with work done by Leonard [49].
Figure 4.3 shows the rates of accumulation of oxidation products when concentra-
tions of 4% CO4 and 12% O, are included in the gaseous phase of the model. The
absorbent is still MEA. This has large cost, waste and emissions implications for
a natural gas plant compared to a coal plant and would suggest that an oxidation
resistant absorbent should be used for the removal of CO, from the gaseous efflu-
ent in a NGCC plant. The input temperatures of the gas and the liquid streams
to the NGCC plant were lowered by 10°K to assess the effect on the chemistry.
The model predicts that the accumulation of oxidation products is reduced by 21%
while the absorption of the COj is only reduced by 1.2% (see Fig. 4.3b)
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Chapter 5

Conclusions

Much work has been done evaluating technologies to capture CO, from gaseous in-
dustrial effluent. For large-scale emitters such as coal and natural gas-fired power
plants, technology using amine solvents to capture post-combustion CO, is the
most mature CO, capture technology. This technology can be retrofitted to ex-
isting plants, treating the flue gas after the combustion stage. The model in this
thesis is constructed from first principles and, while it is built using MEA as the
absorbent to remove COs, it can be adjusted to cater for the removal of different
industrial gases with various absorbents. The ODE’s developed in the mathemat-
ical model are solved using a solver, MATLAB Odelbs. The model was found to
be stable for a period of 111 hours and shows no sign of collapsing. The flux of
MEA, COg, Oy and H50O across the phase interface in either direction has been
included and this can be added to as required.

The loss of MEA through oxidative degradation has been quantified, a feature that
is not currently available in existing commercial packages. Reaction rate kinetics
have been employed to predict the accumulation of oxidation products but the
accuracy of prediction is influenced by the incomplete knowledge of the precise
kinetics of the dominant reactions between Oy and MEA. When research has pro-
duced more detailed information on the products formed during this oxidation, it
can be inserted easily into the model. Validation has been performed using labo-
ratory data from CSIRO, Newcastle, and data from the CSIRO PCC pilot plant
at AGL Loy Yang. It was found that 1.00083 kg of MEA was lost by vapourisa-
tion and oxidation and thermal degradation per tonne of CO5 removed from the
flue gas. This is well within the range of 0.2 to 3.0 kg of MEA predicted by the
literature. The accumulation of the oxidation products as a results of oxidative
degradation of MEA was found to be 2.13kg per tonne of COs removed.

Gaseous effluent from natural gas power plants contains a much higher concentra-
tion of Oy and lower concentration of CO, than that seen at CSIRO Newcastle or
the PCC pilot plant at AGL Loy Yang. The model constructed for this thesis was
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used to study the effect that this would have on the rate of build-up of oxidation
products using MEA as the absorbent. It was found that MEA degrades 4.8 times
faster than it does in a brown coal power plant and it would be inadvisable to use
it under high O, conditions. A parametric study of the impact of operating condi-
tions on oxidation showed that the accumulation of oxidation products increases
as the input temperatures increase. This accumulation also increases with a high
level of Oy and low levels of CO such as are found in NGCC power plants.

The key findings of this thesis are:

e quantification of the rate of oxidative degradation of MEA

e quantification of the rate of accumulation of oxidative products as a result
of the degradation of MEA

e prediction of accumulation rate of oxidative products in a natural gas power
plant as 4.8% greater that of a brown coal power plant

e effect of reducing the temperature of the input gas and liquid by 10°K on
the rate of accumulation of oxidative products in a natural gas power plant

This work has provided CSIRO with a dynamic model that can predict oxidative
degradation which the current commercial packages are unable to do.
Further model development would include:

e more investigation into the effect changing parameters has on the rate of
absorption and degradation of the absorbent

e investigation of the influences on the accumulation rate of the oxidation
products

e the incorporation of the other components of the absorption/desorption sys-
tem, the main one being the stripper itself

e use of other absorbents, for example piperazine or a mixture of absorbents,
in the model

e incorporate more detailed chemistry for the oxidation reaction between MEA
and CO, as this becomes available

This model could and should be used for the design of industrial CO, capture plants
to contribute to their large-scale deployment and to quantify the accumulation of
oxidation products resulting from the degradation of the solvent under varying
conditions.
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Appendix A

A.1 Glossary

a specific surface area of packing (m?m™3)

Qo effective interfacial area of packing per volume of packing (m? m=3)
ol effective interfacial area of packing per volume of liquid holdup (m? m™3)
Qg effective interfacial area of packing per volume of gas holdup (m? m=3)
C concentration (mole fraction)

C, heat capacities (J mol™! K1)

ch, €1, ¢, packing constants specific to type of packing

Dy; liquid phase diffusion coefficient of i (m? s™!)

Dy vapour phase diffusion coefficient of i (m? s7!)

dy heat generated by reactions (J mol™')

dp, hydraulic diameter of random packing (m)

dz height interval (m)

E enhancement factor

G gas flow (mol m™3)

g gravitational constant (m s72)

Hco,  Henry’s constant for carbon dioxide (Pa m? mol™1)

Ho, Henry’s constant for oxygen (Pa m® mol™!)

hy liquid hold-up (m?3 m™3)

hg gas hold-up (m?® m™3)

hp heat transfer coefficient (W m? K)

[4] concentration of component i (mol m=3)

K, overall mass transfer coefficient (mol Pa™' m=2 s71)

ky forward reaction rate (mol m=2 s71)

k, mass transfer coefficient in vapour phase (mol Pa=t m=2 s71)

ki mass transfer coefficient in liquid phase (m s=!)

k, reverse reaction rate (s7!)

L liquid flow (mol m~3)
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MW Molcular Weight
N molar flux between phases (mol m™2 s™!)
P partial pressure in bulk vapour (Pa)
P* equilibrium partial pressure in bulk liquid (Pa)
partial vapour pressure (Pa)
R Universal gas constant (m?® Pa mol~' K1)
Rx  reaction rate (mol m™3 s71)
ro, rate of oxidative degradation (mol m—3)
T temperature (K)
Te  temperature in celsius (Celsius)
T. critical temperature (K)
t time (s)
u, velocity of gas phase (m s7!)
ug velocity of gas with respect to the empty column cross section (mol s™1)
w;  velocity of liquid phase (m s™1)
uz,  velocity of liquid with respect to the empty column cross section (mol s™1)
V' molar volume (cm? mol™1)
2 height of column (m)
AH,bs heat of absorption (J mol™')
AH,cqe: heat of reaction (J mol™!)
AH,,, heat of vapourisation or condensation(J mol™!)
¢ void fraction of column (m?3 m™3)
A thermal conductivity of the gas (W m~t K1
va  dynamic viscosity of liquid (kg m~! s7!)
vi  kinematic viscosity of liquid (kg m™3)
vky  kinematic viscosity of gas (kg m™3)
vi,o Viscosity of HoO cP
2 Lennard-Jones potential (dimensionless)
p density (kg m™3)
o collision diameter (A)
o, surface tension (kg m™?)

subscripts and superscripts
1 component

g gas
[ liquid
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A.2 Parameters

Parameters for Newcastle Column

RUN A
Diameter 0.15m
Packing 16mm S/S Pall Rings
L/G 2.734
Pressure 130.4kPa
Packed Ht 2.4m
Gas Inlet conditions Solvent Inlet conditions
Temp 40.12° C Temp 39.3° C
N, flow 36.28 kg/hr Flow rate 119.99 kg/hr
CO,0 flow 5.866 kg /hr MEA conc 0.3% wt
H,0 flow 1.742 kg/hr H>O conc 0.7% wt
RUN B
Diameter 0.15m
Packing 16mm S/S Pall Rings
L/G 4.214
Pressure 132.6 kPa
Packed Ht 2.4m
Gas Inlet conditions Solvent Inlet conditions
Temp 36.47° C Temp 40.82° C
N, flow 25.92 kg /hr Flow rate 121.10 kg/hr
CO,0 flow 4.208 kg/hr MEA conc 0.3% wt
H,0O flow 1.219 kg/hr H>O conc 0.7% wt
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Parameters for Loy Yang Pilot plant

RUN 280509
Diameter 0.20m
Packing 25mm S/S Pall Rings
L/G 2.97
Pressure 101.35 kPa
Packed Ht 5.4m
Gas Inlet conditions Solvent Inlet conditions
Temp 43.3° C Temp 42.55° C
N, flow 118.27 kg/hr Flow rate 153.59 kg/hr
CO50 flow 22.45 kg /hr MEA conc 0.26% wt
H,0 flow 5.74 kg /hr H50 conc 0.74% wt
O flow 7.13 kg/hr
RUN 061011
Diameter 0.20m
Packing 25mm S/S Pall Rings
L/G 6.44
Pressure 102.47 kPa
Packed Ht 5.4m
Gas Inlet conditions Solvent Inlet conditions
Temp 52.00° C Temp 48.54° C
N, flow 44.94 kg/hr Flow rate 153.59 kg/hr
CO20 flow 14.04 kg/hr MEA conc 0.35% wt/wt
H,0 flow 1.42 kg/hr H50 conc 0.65% wt/wt
O, flow 6.39 kg/hr
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A.3 Physical & chemical properties

Parameter Units Reference
Column liquid hold-up m? m—3 Billet and Schultes 1999
Diff. coeff. of CO,, Oy & H50 in gas m? s ! Poling et al. 2001
Diff. coeff. of CO,, Oy & MEA in liquid | m? s7* Poling et al. 2001
Diff. coeff. of MEA in gas m? 57! Kvamsdal 2009
Dynamic liquid viscosity N m s2 Weiland et al. 1998
Heat of absorption of CO, J mol™* Crovetto 1990
Heat of absorption of O J mol ™! Dana 1925 [24]
Heat of vapourisation of H,O J mol™* Kvamsdal 2009
Heat of vapourisation of MEA J mol™! MSDS Cameo Chemicals
Heat capacity for gases Jmol ! K7! Poling et al. 2001
Heat Capacity for liquid MEA J mol™! K™* Maham et al. 1997
Heat Capacity for liquid HyO J mol™! K™* Perry et al. 1997
Heat Capacity for liquid carbamate J mol™! K™* Ruzicka et al. 1993
Heat transfer coeff. Js'm2K™! Bird et al. 2002
Henry’s law constant for CO, Pa m® mol * Crovetto 1991
Henry’s law constant of Oy Pa m?® mol ™
Kinematic liquid viscosity m? st Weiland et al. 1998
Liquid surface tension N m! Vazquez et al. 1997
Mass transfer coeff. for gases & liquids | m s™* Billet and Schultes 1999
Reaction rates for MEA and CO, k; = m® mol™' sec™! | Conway 2011

k, =s7!
Reaction rate for MEA and O, K = mol m™3 sec™! Leonard 2014
Specific wetted area m? m~3 Billet and Schultes 1999
Thermal conductivity of gases Jstm K™t Lide [52] 2006
Vapour pressure of HyO Pa Perry et al. 1997
Viscosity of water N m s Cussler 1996
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Abstract:

Mathematical modelling of CO, capture from industrial flue gas by absorption into amme solutions such
as monoethanolanune (MEA) has been undertaken for decades and steady state, rate-based and dynamic
models have been constructed to predict the changes in the process. Recently, dynamic models have been
used to predict the effect that physical operational changes have on the absorption process. As more 15
leamt about the chemistry of MEA and CO,; it becomes evident that the absorption system is losing
available MEA, by degradation and by vaporization mto the gaseous phase. This paper describes a
dynamic model of the absorber column that can be used to predict the reduction of available MEA, the
loss of MEA to the atmosphere, and the build-up of heat stable salts. The proposed math del
consists of a system of partial differential equations to represent the change of each component with
height of the column and with time_ It has been vahdated with data from a pilot capture plant located at
the brown coal fired Loy Yang power station in Austraha

Keywords: Dynamic modelling; differential equations; carbon capture; oxidative degradation; absorption;

tical

chemical industry.

1. INTRODUCTION

A world-wide concern about pollution and climate change
has led to detailed investigations into how to remove
unwamed components from industnal gaseous effluent. There
is incr g evid of the contmbution of carbon dioxide
to global wznmng (IPCC, 2007). This has led to the removal
of acid gases (such as oxides of carbon, nitrogen and sulphur)
from industnial gaseous effluent becoming a major objective
for many research groups. It 1s thought that the release of
these gases into the atmosphere is contributing to a change of
the Earth’s clmute Snlphur and mitrogen oxides are the cause
of localised envi probl such as acid rain but
these can be m "vnth isting technology. Oxides of
carbon, in particular carbon dlond.e emissions occur in far
grezteramounts zre generated across the globe and are more
chall to

Removal of these acid gases from gaseous effluent by
absorption mto a solvent is an accepted and proven method
that has been used mn the chemical and petroch al
industries for many decades. Absorption mto a solvent 1s
being investigated for application to other mdustnies whose
flue gases contam large quantities of carbon dioxade, such as
those buming fossil fuels to produce electncity (Artanto,
2012; Sammpert, 2013).

Absomption of CO; is camed out by counter-currently
contacting a gas stream with an absorbent liquud in a packed

Copyright © 2015, IFAC

column Mathematical models have been developed to
describe this absorption process but, to simphify the model,
they have used many assumptions including that the column
15 operating in a steady state (Simon, 2010; Mores, 2012).
These models assume that equilibrrum has been reached at all
pomts in the column which 15 not a true representation of the
absorption column These steady state models simulate the
change of concentration and temperature over the height of
the column but are not able to be used for accurate prediction
ofﬂ! state of the column after 2 prolonged period of time

these dels do not incorporate slow chemical
reactions (Greer 2008, @1 2010).

Dynamic models have been designed that can predict the
response within the column to changing physical operating
conditions such as mnput gas properties (Bui, 2014, Lawal et
al, 2010). These dels do not that equilibrium has
been reached at zall pomts and are a closer representation of
the real conditions. However, the current dynamic models do
not include information about the transfer from one phase to
the other of some of the important process components, nor
the degradation of the solvent. The wvolatihity and the
oxidative degradation of the absorbent are long term time-

dependent changes that are important to the efficiency of the
overall system of absorption.

This paper describes a dynamic mathematical model which
can predict the movement of any required component from
liquid to gas and gas to liquid It can also predict long term
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changes such as the amount of liquid absorbent which is
degraded by reaction with oxygen under the conditions at
which the column operates. Current dynamic mathematical
models do not predict this aspect of the changing chemistry
within the absorber column.

The inclusion of oxidative degradation was chosen as the
focus for this work as oxygen has been identified as a critical
component affecting the absorption process in the flue gas.
Solvent oxidation leads to the formartion of degradation
products some of which may be emitted to the atmosphere. It
is also a major contributor to solvent cost because of the need
to top up the solvent concentration. The inclusion of solvent
oxidation in the model allows for optimisation of process
conditions. both mn terms of absorption performance as well
as the minimisation of oxidative degradation. It should also
be noted that given the appropriate chemical knowledge the
model could also be easily extended to include other longer
term processes such as thermal degradation and nitrosamine
formation.

2. THE ABSORPTION PROCESS

The capture and removal of the carbon dioxide is a two stage
process and consists of separate packed absorption and
desorption columms. The process relies on the reversible
reaction between carbon dioxide and an amine, most
commonly monoethanolamine (MEA). the direction of the
reaction 1s dependent on the operating temperature. At lower
temperatures such as are found in the absorber column. the
reaction (1) proceeds to the right and dissolved CO, forms a
carbamate. When the temperature 1s increased in the desorber
column, the reaction is reversed and the carbamate breaks
down into its components. MEA and CO; allowing the acid
gas to be collected. The overall reversible equation can be
written as:

€O, + 2ZMEA < MEACOO~ + MEAH™* 1)
There is some discussion as to the actual mechanism of the

formation of the carbamate._ It 1s thought to occur in two steps

(Versteeg 1996),

CO, + MEA < MEACOO™ +H*
H* + MEA < MEAH*

@)
(3)

with (2) bemng slower than (3) and 1s thus the rate determining
step.

Within the absorption column, the flue effluent. rich in the
carbon dioxide, is introduced to the bottom of the column in
counter-current contact with an aqueous MEA solution.
Carbon dioxide moves from the gas phase across the
gas/liquid interface into the liquid phase. The packing in the
column makes a larger surface area available for liquid-gas
mass transfer. The CO; reacts immediately with the active
solvent component and the heat sensitive carbamate 1s
formed.

The gaseous effluent which 1s now lean in CO;. 1s released
into the atmosphere. The solution. rich in the carbamate_
continues through the system and is pumped from the bottom
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of the absorber column to the top of the desorber column.
The elevated temperatures in the desorber column cause the
reaction to be reversed and the carbon dioxide 1s released.
The gaseous effluent from the desorber column consists of
CO, and water. 1t 1s dried and the pure carbon dioxide 1s
collected for storage or for further use. The lean MEA
solution 1s removed from the bottom of the desorber. passed
through a heat exchanger to reduce its temperature before
being returned to the top of the absorber and made available
for further reaction with CO,. Figure 1 is a representation of
the complete absorption/desorption process which details the
flow of input vapour and liquid phases but does not show
external heat exchangers. condensers. etc.

€0 free gas £33 storagerine
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Fig 1. Simplified diagram of the absorption-desorption
process. (Simon 2011)

3. STATEMENT OF THE PROBLEM

This process can be applied to the removal and capture of the
carbon dioxide from the flue gases of brown coal fired power
stations. There are several different types of liquid absorbents
that are bemg trialled for the absorption of CO; including
alkali metal hydroxides and amines MEA 1s typically
included as a standard reference solvent given its long history
in gas processing (Pellegrini 2010).

The absorption process involves the movement of
components from omne phase to the other driven by the
concentration differentia.

Bulk gas. Gas fim Liguid film  Bulk liquid —
: HE Lealr'\‘ z’dve nt
] 5
| =
I 4=
‘f
[COg) dzI R
A 150,]
= : EX|
o) Flus gas
- : inlet
. Gas-liquid interface | —
- -~ - Column
Kg
Fig 2. Simplified mass transfer occurring in a segment of

absorption column (Saimpert 2012).

Figure 2 1s an indicative sketch of the concentration gradient
of CO, across the interface within a section of the absorber
column.
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Reactions take place in the liquid. some of which are of great
importance, such as (1) and the oxidation reaction(4):

0, + MEA — oxidation products 4)
For many years, mathematical models have been developed
for this process that have been based on a steady state in the
column and considered concentrations and temperatures to be
functions of only one vanable. height of the column. These
models did not include any reaction kinetics. This has limited
their use, particularly with the mecreasing desire to understand
the composition of the gaseous effluent and the process of
degradation when using an amine solvent.

Because of the complexity of the chemistry and the size of
the calculations. many assumptions have had to be made to
produce a model that partially reflects reality (Gaspar 2010).
These models assumed that the only component transfer
across the interface was that of CO; and that there was no
reaction between O, and MEA. Now that computers are
capable of calculating more complex sets of equations and at
a faster rate. more variables can be included in the models.

More recently dyvnamic mathematical models have been
developed which include two variables, height and time and
consequently can model some reaction kinetics. They have
been used to imnvestigate what happens to the absorption
process when mput factors change, such as increased flow
rate of the gas., or increased operating temperature (Gaspar
2011, Saimpert 2013). These meodels can be used to
determine the most efficient operating conditions for the
absorption system but currently do not tell us about oxidative
degradation of MEA nor include the true movement of
components across the gas-liquid interface. The degradation
of the solvent is an important aspect of the absorption process
as the liquid absorbent 1s continually recycled throughout the
column and any MEA loss results in decreased quantity of
liquid sorbent available for the absorption of CO;. Thus the
MEA needs to be replaced in order to maintain effective CO,
capture. This replacement adds to the cost of the process.

4 DEVELOPMENT OF THE DYNAMIC MODEL

This dynamic mathematical process model i1s a system of
partial differential equations mncorporating with both space
and time as variables. They are used to describe the effects of
operational changes on the column but more importantly. the
real time degradation of MEA with oxygen. The backward
and forward finite difference method has been emploved to
account for the height variable while the Matlab odel5 solver
has been used for the numerical solution of the time variable.
Using fimite difference for the height variable in the partial
differential equations gives us ordinary differential equations
in the time wariable. The model contains a differential
equation for each of the components of interest in the Lhiqud
and gaseous phases, and for the temperature of each phase.
The components included in the model are MEA. H,O.
MEACOO™. MEAH™. CO,. O, in the liquid phase and H,O.
CO,, O,, MEA and N; i the gaseous phase. In the Liqmd
phase there is also a general term for any oxidation products
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that occur as a result of reaction between MEA and O,
However. there is no differential equation for nitrogen as it is
not considered to be involved m any reactions. The model
uses an ODE solver for speed and accuracy of calculation.

The heat transfer terms 1n the differential equations for
temperature consider advection. convection, heats of reaction,
heats of vapourisation and absorption as well as heat change
due to transportation from one phase to another. The physical
properties of the system such as density. viscosity. specific
heat capacity are expressed in terms of concentration and
temperature and thus vary depending on the conditions at the
relative position and time 1in the column.

The model contains the following assumptions.

* Chemucal reactions take place in the liquid phase
only.

e Due to small liquid phase heat transfer resistance,
the liquid interface temperature can be considered
equal to the bulk liquid temperature.

The absorption column is operated adiabatically.
The gas phase was an 1deal mixture.

Mass balance equations are based on the change of
concentrations with time and height and the enthalpy balance
1s measured by the change in temperature with time and
height. The equation for the mass balance in the liquid phase
states that the change of concentration of a component. i, in
the liquid, C;;. with time_ t. at height. z. 1s equivalent to the
advection of the component in the liqud flow plus the
diffusion of 7 into or out of the liquid phase plus the rate of
generation or consumption of i due to reaction. The equation
for the vapour 1s similar but there is no reaction term.

Component mass balances for the liquid phase 1s:

acy acyi Vit Ri

e Vi T 2 ®
and for the gas phase 1s:
acy; acy; N;
gi __ gi Vi
3e = Ve ez T e (©)

where subscripts li and gi represents the liquid and vapour
(gaseous) phase components respectively. L and G are the
liquid and gas flow rates (mol s). N; is the molar flux
between the phases (mol m™ s7). and a,, is the effective
interfacial area of packing per unit volume of packing (m” m"
). v; and v, are the liqud and gas velocities (m s1) with the
direction of the gas flow regarded as being positive and that
of the liquid flow negative.

The equation for the change of liquid temperature with time
and height (7) 1s equal to the advection of heat content of the
liquid plus the horizontal flow of heat berween phases due to
the temperature gradient plus the heat released or absorbed
when the components condense or evaporate plus the heat
released or consumed by any reactions as well as a term for
the change in temperature due to the transfer of components
from one phase to the other. The gas phase heat balance (8)
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consists of the advection term plus the horizontal heat flow
due to the temperature gradient between the phases and a
term for the change in temperature due to the transfer of
components from one phase to the other.

Heat balance for the liquid phase is:

ar; _ 8T + hr.ay(T1—Tg) 4 PrNedHeap |, 8Hreac
ar ez PlEpl Plcpl P1.cpl
Gy Ny (T —Tg)
DTl g %)
Plepl

and for the gas phase 1s:
Ty - ATy |, hraw.(Tg—T1) 4 aw.-N;-cpg-(Tg—TD) ®
ar g 3z "

Pg-pg PLepg .
The densities of the liquid and the gas. p; and p,. (mole m™)
the specific heats of the liquid and the gas. ¢, and cpg. (J
1 ge-l = .

mole” K )as well as the heat of vapourisation/condensation,
AH,4p. and the heat of reaction. 4H,qq.. are all functions of the
concentration of the reactants and the temperature of the
phases.

In order to track oxidative degradation, consideration needs
to be given to reactions between O; and MEA Due to the
many possible reactions between these two compounds, it 1s
difficult to choose one reaction that 1s more important than
the others for oxidative degradation (Bello 2005). It has been
noted by Velvestad that there are 19 reactions that could take
place between O, and MEA dependmg on the conditions
within the column (Velvestad 2011). Work has been done by
Léonard to construct a relationship which he has proven
represents the reaction rate between O, and MEA in the
presence of either CO,. SO; or both (Léonard 2014).

4L.720

—ryga = 5.53 * 10%e~ &r [0,]**® (10)
R is the Universal Gas Constant (J mol”’K™) and T is the
degradation temperature (K). The value for the activation
energy is given in J mol” and the pre-exponential unit is (mol
L? sH(mol L)' Since MEA is always in excess its
influence on the oxidative degradation can be assumed
constant.

This reaction rate has been incorporated into the dynamic
model described here. which allows it to predict the amount
of MEA which has been involved in the formation of
degradation products but does not tell us what the
degradation products are. By knowing the amount of MEA
involved in oxidative degradation and the quantity vapourised
to the gaseous phase under specific column conditions, it 1s
possible to determine the loss of MEA over time during the
absorption process. This dynamic model can be used to
determine which operating conditions result in  good
absorption of the CO, but with minimal loss of awvailable
MEA.

Figures 3-5 are examples of the graphs that are generated by
the model As the absorption column is assumed to initially
contain liquid absorbent but no gaseous effluent. the first
results for the height of the column for each graph are
constant. The flue exhaust gas 1s admitted to the bottom of
the absorber column at time zero and the concentration
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changes rapidly until the gas reaches the full height of the

column. This results in the initial concentration conditions for
the height of the model for each of the following graphs
showing as a straight line.

Figure 3 is a graph of the change in concentration of carbon
dioxide in the vapour phase which shows the concentration of
the acid gas reducing as the vapour progresses up the height
of the column It also indicates that the system is stabilising
as time progresses. This trend agrees with the mass transfer
of CO; into the liquid phase.

graph
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g a o
= [=] [=] =
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=)

ma

0D o

height titre

Fig 3. Change of concentration of CO; in vapour. (Height in
metres and time in secs)

Figure 4 1s the graph of the change of concentration of MEA
in the liquid phase. The liquid phase is fed into the column
from the top.

Gione. MEA.in fiuid

height 0o

tene

Fig 4. Change of concentration of MEA in the liquid phase.
(Height in metres and time in secs)

The decreasing concentration of the absorbent MEA 1s due to
the formation of the carbamate compound. oxidation products
and evaporation of MEA into the vapour phase thus reducing
the mole fraction of MEA in the liquid available for further
reaction with other components. The resulting MEA solution
15 passed through the desorber column before being returned
to the top of the absorber column. The mole fraction of the
MEA in the inlet liquid slowly decreases due to accumulation
of oxidation products from the oxidative degradation of MEA
and also its volatility.
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Figure 5 is a graph of the temperature of the lhiquid in the
absorber column and shows the change in temperature with
height mainly as a result of the exothermic reactions in the
liquid and subsequent heat exchange. It also shows the bulge
in the temperature towards the top of the column which i1s
reflective of the operating conditions as seen by other
modellers (Saimpert 2013, Greer, 2008, Jayarathna, 2013).

temperatura of liquid in absorbar

height a time

Fig 5 Graph of temperature of the liquid in the absorber
column. (Height in metres and time 1n secs)

Figures 6 and 7 compare the model results with the available
pilot plant experimental results for the change of carbon
dioxide and the temperature of the liquid and gas phases of
the absorption column. This pilot plant only has mput and
output data. hence the lack of data points for the comparison.
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Fig 6 Carbon Dioxide in the vapour
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Fig 7 Temperature of the liquid and gas phases

The model’s predicted concentration and temperature values
13.8 hours after start-up were compared with the
experimental data obtained from the pilot plant during stable
operation. The blue line represents the data points generated

by the model and the red points are experimental results from
the pilot plant.

The model also predicted that the mole fraction of MEA in
the input liquid should decrease from 0.0902 to 0.0899, over
the 13.8 hour period. due to the formation of oxidation
products. There 1s no experimental data to verify this finding.

5. SUMMARY

This dynamic mathematical model has been built primarily to
determine the loss of MEA by oxidative degradation during
the process of absorbing CO; It can also be used to predict
the changes of absorption rates and efficiencies within the
absorber column when operational changes. such as flow
rate. concentrations or temperatures are made. The dynamic
model can be used to represent any gas separafion process
which uses a liquid absorbent as the input parameters can be
easily changed to reflect the properties of other detailed
absorption processes. It has been validated using real data
from a pilot plant which has been retrofitted to an existing
brown coal fired power station i Australia where the boiler
flue gases can be fed into the pilot plant for assessment.
Work 1s continuing on this model to incorporate the desorber
column into the cycle.
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