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Abstract

Amine-based Post-combustion Carbon Capture (PCC) is a promising way of reduc-
ing the constantly increasing anthropogenic CO, emissions. In this process, there
are two significant problems. The first problem is solvent degradation, and the sec-
ond problem is the considerable energy consumption this process requires. Further
research should be done to fully understand and reduce solvent degradation while

at the same time minimising the energy consumption of the process.

In this master thesis, two degradation models were used to predict solvent degra-
dation of Monoethanolamine (MEA). These models were evaluated on a lab-scale

experiment, a pilot plant, and two industrial cases.

The models were first validated by comparing the observed degradation seen at lab-
scale experiment and the pilot plant. The advanced model predicts an MEA loss
which was comparable to the lab-scale experiment. The simplified model fits best
for the pilot plant. The prediction of the degradation compounds HEI, formic acid,
HEEDA, and HEIA seem to fit relatively close to what was found at the lab-scale

experiment.

By comparing flue gases emitted by a coal and a natural gas-based power plant,
solvent degradation was found to be most significant for coal. The optimal liquid-
to-gas ratio concerning energy consumption was found to be 2.6 for coal and 1.1 for
natural gas. The specific MEA consumptions from typical 400 MW coal and natural
gas-based power plants were found to be 0.35 and 0.25 kg MEA /tco,, respectively, by
the advanced model. The simplified model predicted the specific MEA consumption
to be 0.55 and 0.37 kg MEA /tco,, for coal and natural gas, respectively. Based
on similar specific energy consumption in the two cases and based on the model’s
prediction on degradation, flue gases from natural gas might be most economical
in terms of operating expenses in an amine-based post-combustion carbon capture

plant.







Sammendrag

Aminbasert karbonfangst er en teknologi som kan redusere de stadig stgrre men-
neskeligskapte CO,-utslippene. Det er likevel to problemer med denne teknologien.
For det forste vil lgsningsmiddelet som brukes for a reagere med CO, brytes ned.
Det andre problemet er at prosessen krever store mengder energi. Videre forskning
ber bli gjort for a forsta nedbrytningen av lgsningsmiddelet mens man minimerer

energibehovet i prosessen.

I denne masteroppgaven ble to modeller brukt for a estimere mengden av
lgsningsmiddelet Monoetanolamin (MEA) som blir nedbrutt i en eksperimentell rigg,

i et pilotanlegg for karbonfangst og i to industrielle anlegg.

Modellene ble validert ved a sammenligne nedbrytningen som ble malt fra en eksper-
imentell rigg i labskala, og med nedbrytningen som ble malt ved et pilotanlegg. Det
viser seg at den avanserte modellen var mest ngyaktig for riggen, mens den enkle
modellen egnet seg best for pilotanlegget. Konsentrasjonene av komponentene som
stammet fra nedbrytningen, HEI, maursyre, HEEDA og HEIA som den avanserte

modellen estimerte var noksa ngyaktig sammenlignet med eksperimentet i riggen.

Fra sammenlikning mellom rgykgass fra et kullkraftverk og et kraftverk basert pa
naturgass ble det funnet mest nedbrytning ved a rense rgykgassen fra kullkraftver-
ket. Det energimessig optimale forholdet mellom lgsningsmiddelet og rgykgassen
ble funnet til 2,6 for kull og 1,1 for naturgass. Den avanserte modellen bereg-
net et MEA-konsum for et typisk 400 MW kullkraftverk til 0,35 kg MEA /tco,,
mens for naturgass var det 0,25 kg MEA /tco,. Den enkle modellen beregnet 0,55
og 0,37 kg MEA /tco, for henholdsvis kull og naturgass. Basert pa de noksa like
energibehovene kunne det fastslas at det er mest gkonomisk gunstig a installere

karbonfangstteknologi pa kraftverk basert pa naturgass.

vil
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The average temperature on the Earth has increased since the industrial revolution.
This increase is mainly due to anthropogenic Greenhouse Gas (GHG) emissions|[I].
These GHGs mainly consist of carbon dioxide (CO,), water vapour (H,O), methane
(CH,), nitrogen compounds (NOx) and sulphur compounds (SOx). The increased
concentration of these gases increases the amount of absorbed solar radiation, re-
sulting in an accelerating temperature increase[2]. This phenomenon is called the
greenhouse effect. Increased average global temperature is of great concern as many
species will become extinct, the sea level is rising, and even natural disasters occur

more frequently|[3].

In 1938, the British scientist G. Callendar linked the increasing combustion of fossil
fuels and increased CO, concentration to the greenhouse effect[3]. CO, is believed
to be the worst GHG as this gas has increased the most since pre-industrial levels.
The most significant increase has mainly come from the combustion of fossil fuels,
illustrated in Figure [4] In the same figure, it can be seen that the Intergovern-
mental Panel on Climate Change or IPCC, reported a global increase in the annual

GHG emission of 2.2% between 2000-2010.
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Figure 1.1: Global GHG emissions from 1970 to 2010[4].

CO, FOLU, illustrated as red in Figure is the CO, emission from Forestry and
Other Land Use. The most significant contributor to the massive GHG increase
is the CO, from fossil fuels and other industrial processes, seen as orange. This
contributor stood alone for 78% of the GHG increase from 1970 to 2010. A large
portion of this comes from the energy sector. 25% of the total GHG emissions come
from electricity and heat production[4]. That is over 12 Gt CO,-equivalents annually
from the energy sector if the total GHG emission is 49 Gt CO,-equivalents like in
2010, shown in Figure|1.1

In order to meet the Paris Agreement 1.5 °C goal from 2015, changes must be made.
One can electrify the transport sector and use renewable energy sources to charge the
batteries. Further, innovation can discover new technologies—for instance, fusion
power and installation of other renewable sources for energy. Going to a clean green
world takes time, and the need for energy is not likely to decline. The world’s
population is constantly growing. People are getting wealthier, which means more

citizens will increase their energy consumption, food, and other factors that increase
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GHG emission. Therefore, fossil fuels will most likely still be an essential source in
the decades to come. The negative side is the extensive pollution of these sources of
energy. Thermal power and particularly coal-fired power plants stood alone for 70%
of China’s energy installation in 2014[5]. The installation of carbon capture plants

might be one solution to keep the global temperature down.

There are three main routes of CO, capture systems. Pre-combustion, oxy-fuel com-
bustion and post-combustion. In pre-combustion, one removes the CO, produced
in the water gas shift reaction when making H, from a syngas mixture of CO and
H,0. In the case of oxy-fuel combustion, coal burns with almost a pure excess of
O,. In oxy-fuel combustion, the CO, concentration in the flue gas is already al-
most concentrated enough for the requirements for transport and storage[6]. This
report considers amine-based Post-combustion Carbon Capture (PCC), where CO,
is captured from the flue gas exiting the combustion chamber. PCC is the CO,
capture system that is easiest to retrofit in an existing power plant[7]. PPC can be
utilised on flue gases from the energy sector or flue gases emitted by other industrial
processes. A cement factory emits a significant amount of CO,, where PCC can be

applied as well[§].

The CO, content in the flue gases from coal-fired power plants is typically 12-14
vol%[9]. A CO, capture rate at 90% has often been used in the industry and
research[I0][I1][I2]. This means that one can reduce the global GHG emission by a

great amount by utilising PCC technology on existing coal-fired power plants.

In amine-based PCC, the amine solvent counter-currently reacts with the CO, from
the flue gas in an absorber column. The reverse reaction occurs in the desorber
column, where CO, is released by additional heating. The solvent is recycled back

and forth between these columns and constantly reused.

There are still some significant limitations with amine-based PCC. The process re-
quires a great amount of thermal energy, often around 4 GJ/tco, captured[I3].
This means that the power plant reduces its net energy output by installing car-
bon capture technology. Besides the lower income due to the high energy demand,

there is another major concern. This is solvent degradation. The solvent this work is




1.2. OBJECTIVE

based on is Monoethanolamine (MEA), which is one of the most studied solvents for
PCC[14][15][16]. The published specific MEA loss by degradation in capture plants
range between 0.3-3.6 kg MEA per ton CO,, captured[10]. This solvent loss is expen-
sive as new solvent must be purchased. Corrosion, foaming, and emission of volatile

degradation compounds which are environmentally toxic are also of concern[17].

Degradation of the solvent leads to an accumulation of degradation products. Some
of these products are organic acids, which provides a catalytic effect to corrosion.
Corrosion is a problem as it damages the equipment, leading to a lower lifetime
of the plant[I8]. Furthermore, foaming leads to additional solvent loss, premature
flooding and reduces the plant throughput. These consequences occur because of

the physical properties of the degradation compounds[19].

A better understanding of solvent degradation is therefore essential for the PCC
industry. This better understanding is required to evaluate the degree of degrada-
tion, the type of degradation compound and their impact on the operation and cost
of the plants. This thesis is mainly based on solvent degradation; however, energy

consumption in the process will also be considered.

1.2 Objective

The main objective of this work is to understand and predict solvent degradation
in amine-based PCC. Two complete degradation models will be used to predict
solvent degradation, where one is a complete simplified model, and the other is
a complete advanced model. The models will be constructed and implemented in
Python and validated. The models will be validated on a lab-scale experiment which
was a campaign by SINTEF at a Solvent Degradation Rig (SDR) and a pilot plant
at Niederaussem. Finally, the models will be used to compare degradation in a

coal-based power plant and a Natural Gas (NG)-based power plant.

In the complete simplified model, a rate equation for the oxidative degradation will
be developed in this work by fitting data using results from an oxidative degradation

study by Vevelstad et al. (2014). The solubility of oxygen is in this model calculated
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based on equations from Weisenberger and Schumpe (1996), which is believed to be
quite accurate. The thermal degradation in this model will be based on an in-house

model at the Norwegian University of Science and Technology (NTNU).

The second complete degradation model is the advanced one. The oxidative degra-
dation in this model is based on Pinto et al. (2014) and predicts, in addition to
MEA consumption, the accumulation of degradation compounds. This model uses
an oxygen solubility model developed by Rooney (1998), which is based on an un-
loaded solvent. Furthermore, another in-house model at NTNU is used to predict
thermal degradation. This in-house model does also predict the accumulation of
degradation compounds. The advanced model is constructed and implemented to

evaluate which compounds are the most prominent in a PCC plant.

Both complete models will, in addition to oxidative and thermal degradation, include
solvent degradation from impurities. These impurities consist of NOx and SOx, and

the degradation rate is based on a study by Rao et al. (2002).

The models will be used at the SDR and the pilot plant at Niederaussem to find
predicted consumption of MEA. The advanced model will also be validated with the

prediction of degradation compounds.

Lastly, these models will be used to compare two industrial PCC plants. These
cases are a degradation study from two hypothetical power plants. The first plant
is a typical 400 MW coal-based power plant, and the second is a 400 MW NG-based
power plant. The two cases will be simulated in the simulation tool ProTreat, where
the temperature profiles in the absorber columns will be found. The specific MEA
consumption kg MEA /tco,] will be investigated. The main goal here is to find

potential differences in degradation based on the type of flue gas.
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1.3 Outline of Thesis

The motivation and the objective of this thesis are given above. In Chapter
is where the theory about the PCC process, degradation, and energy demand is
presented. Further, in Chapter |3 one can find the procedure of how the results are
found. Assumptions that are used in the thesis are also introduced here. The results
and discussion are to be found in Chapter ] A conclusion of the thesis can be seen
in Chapter [p|and further recommendations is found in Chapter[6] Additional results
and information such as calculations and python code can be found in the Appendix,

Chapter [A]




CHAPTER 2

BACKGROUND

This Chapter includes theory on PCC, degradation, and the energy consumption
of the reboiler. Section is where the PCC process is described, and Section
gives the theory about solvent degradation. The proposed degradation reactions,
which the models are based upon, will also be presented here. Lastly, Section

will cover the energy consumption in the reboiler.

2.1 Amine-based Post-combustion Carbon Cap-

ture

In Post-combustion Carbon Capture (PCC), flue gases are treated for CO, before
leaving the stack. Flue gas from combustion is sent to the bottom of an absorber
column. In this column, the flue gas rises to the top while counter-currently react
with a chemical solvent in the column’s packing. Most studies and this thesis are
based on a 90% capture rate of CO,[20], which means that only 10% of the original
CO, emission is emitted. A capture rate of 90% is often used because a higher

capture rate would significantly increase the energy consumption of the process.

The solvent is usually heated to some extent as the absorption process is an exother-

mic reaction. The solvent stream exits the absorber loaded with CO, and is pumped
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through a heat exchanger and then subsequently introduced into the top of the sec-
ond column, known as the stripper or the desorber. Here, the solvent is heated
additionally such that the reverse reactions are favoured. The loaded solvent re-
leases CO, after being heated by the reboiler, which provides heat in the column.
The CO, can be separated and transferred to the desired location. The now newly
unloaded solvent is transferred back through the heat exchanger heating up the in-
coming stream to the desorber and back into the absorber. This process is illustrated

in Figure 2.1}

. ) Condenser
purified lean amine N
syngas r—-==-=1 CcO2
: H20
[
- ' Heat :
) exchanger
o)
[
O
w
o) |
|
< I {Reboiler
|
N
: | steam
| I I
syngas | Lrich amine | EE P —

Figure 2.1: Simplified flow sheet of the PCC process[2]1].

A compatible solvent should have high selectivity towards CO,, high maximum
solvent loading, low lifetime cost, and low absorption enthalpy[22]. One of the most
used solvents is MEA because of its high reactivity with CO,[23]. The complete set

of chemical reactions which occur in the PCC process is described by Equation [2.1

to [2.824].

CO, + H,0 — H,CO0, (2.1)

CO, + OH™ = HCO," (2.2)
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CO,*” + HT == HCO,~ (2.3)
HCO,;™ + H" = H,CO;, (2.4)
RNH, + H" —= RNH," (2.5)
OH™ + H* = H,0 (2.6)

CO, + RNH, = RNHCO,H (2.7)
RNH,CO,” + H" == RNH,CO,H (2.8)

Reaction [2.1] is the formation of carbonic acid, reaction shows the formation of
the bicarbonate and reaction 2.7] is the reaction with the amine to form carbamic
acid. These are all slow measurable reactions. The rest of the equations illustrate
instantaneous protonation equilibria reactions. Reaction and show the pro-
tonation of the carbonate. Reaction [2.5]is the protonation of the amine, reaction
is the protonation of the hydroxide, and reaction shows the protonation of
the carbamate[24]. For primary amines, such as MEA, the overall reaction between

MEA and CO, is shown in Equation 2.9

CO, + 2RNH, == RNHCO,~ + RNH,* (2.9)

The equation above shows that one needs two amines (MEA) per CO, molecule.
This stoichiometry is because the initially formed carbamic acid deprotonates and

reacts with another MEA molecule[24]. The ratio between CO, moles and MEA
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moles is known as loading, often referred to as «a, seen in Equation [2.10

o= <0 (2.10)
npyEA

The loading increases typically from 0.2 to 0.5 as the CO, from the flue gas is
absorbed into the solvent. This means that a desorber column usually strips the
solvent from the loading of 0.5 to 0.2. The reason for not stripping below this loading
is the high energy demand, described in Section

2.2 Degradation of MEA

Studies show that MEA degrades in the presence of O,, NOx, SOx and at high
temperatures[15][25]. The degradation has several adverse effects. Solvent degrada-
tion will lead to a lower solvent capacity, meaning that less CO, can be captured
per time unit. Further, the new solvent must be purchased, which is a high cost. It
is believed that the cost of this solvent make-up may stand for 22% of the opera-
tional expenses in an amine-based PCC plant[I4]. In addition, degradation leads to

corrosion, foaming and emissions of environmentally toxic degradation products[17].

Solvent degradation leads to corrosion because several known degradation products
are acids, which increases the corrosion rate. Most of the CO, absorbers are built
with carbon steel, mainly because of their low cost[I§]. Corrosion of these steel
equipment means a lower lifetime of the plant. Degradation products do also enhance
the foaming tendency due to their physical properties. The foaming phenomena
is of concern as it causes solvent loss, premature flooding and reduces the plant

throughput[19].

In order to make PCC more economical and even more environmentally friendly,
the energy consumption must be minimised, and solvent loss due to degradation
should be as small as possible. Solvent loss may vary between 0.3 and 3.6 kg solvent
per ton CO, captured[I0]. For industrial-scale PCC plants, this will amount to a

significant problem.
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2.2. DEGRADATION OF MEA

It has been reported that the highest loss of MEA is due to evaporation from the
absorber. However, this problem can easily be reduced by having a water wash sec-
tion installed. These emissions occur because MEA is relatively volatile. Svendsen
et al. (2011) classified degradation compounds in three. The most volatile ones are
ammonia and aldehydes. Non-volatile compounds are typically Heat Stable Salts
(HSS) and organic acids, while low volatile compounds are in between, where MEA
is classified. A water wash is a section in which the gas from the absorber is sent
through before the gas exits the plant. This section contains a packed bed with
continuous recycling of water, which has the goals to absorb the volatile compounds
in the gas[26]. The bleed from the water wash is sent back to the absorber section. If
the emissions still are significant with a water wash installed, additional water wash
stages can be installed. Svendsen et al. (2011) proposed that by proper operation
of water wash, the amine concentration in the flue gas exiting the water wash can
come down to 0.01-0.05 ppm. A water wash can also reduce the emission of liquid

entrainment, which are liquid droplets in the gas phase[16].

2.2.1 Oxidative Degradation

The second largest effect on solvent loss is believed to come from oxidative
degradation[27]. Oxidative degradation occurs when MEA reacts with oxygen,
which comes with the flue gas. Oxidative degradation reactions happen in the
liquid phase, so O, must diffuse into the MEA for the reaction to occur[l7]. The
rate of oxidative degradation is increased with increasing temperature and oxygen
content in the flue gas. For NG-based power plants, the rate of oxidative degra-
dation might be even higher as more excess air is used, resulting in higher oxygen
concentration[I7]. However, the CO, concentration of these flue gases is usually
lower than for coal-based power plants. The absorption of CO, is an exothermic
reaction. This means that the temperature in the absorber might be higher in the
absorber when the fuel is coal. The effect of the flue gas on degradation will be

investigated in detail in the two industrial cases.

The amount of oxygen that is diffused into the solvent is referred to as oxygen
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2.2. DEGRADATION OF MEA

solubility. The amount of oxygen in the solvent is rapidly increased when introducing
richer oxygen content streams into the absorber. Further, the solubility decreases
as the temperature and the loading of CO, increases[28]. This effect can also be
seen in the seas. When the temperature in the oceans increases, it will lead to lower
solubility of gases like CO,, leading to constantly larger sieving of CO, from the

seas.

Oxidative degradation mostly takes place in the absorber section. This is because the
absorber section constantly has a supply of oxygen from the flue gas[29]. Therefore,
it is assumed in this thesis that oxidative degradation only occurs in the absorber
column and the absorber sump. However, it should be noted that the solvent can
contain dissolved oxygen which has not reacted yet. The concentration may be small,

but the temperature is higher, which increases the rate of oxidative degradation.

The oxidative degradation compounds in this report are based on the ones which
were modelled by Pinto et al. (2014)[30] based on an oxidative degradation study
conducted by Vevelstad et al. (2014). These include formaldehyde, formic acid,
glyoxal, oxalic acid, HEF, HEI, BHEOX, HEGly and ammonia.

One major degradation compound which is not included in the model is HEPO.
HEPO has in several articles been one of the most concentrated degradation com-
pounds, and from a pilot campaign at Tiller, it accounted for over 50% of the
degradation compounds[31]. The amount of HEPO was increased rapidly as the
stripping temperature was raised to 140 °C, seen in an experiment by Leonard et
al. (2014)[32]. The reason for not having HEPO included in the model and which

consequences this have overall will be discussed in Section [4.2.2]

The chemistry of oxidative degradation is complex and not fully understood[33].
The advanced oxidative model used in this thesis is based on simplified reactions
proposed by Pinto et al. (2014). The initial stage in oxidative degradation is believed
to be a hydrogen abstraction mechanism, shown in Equation M[SO].
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2.2. DEGRADATION OF MEA

MEACOO™ + MEAH* + O, — 2CH,0 + CO, + 2NH, (2.11)

Formaldehyde formed in this reaction is highly reactive and may react further
with the solvent or other degradation compounds[31]. Equation shows this

as formaldehyde is an intermediate and is further oxidised to formic acid.

CH,O + 0.50, —» CH,0, (2.12)

Furthermore, the formation of HEF is proposed to come from a reaction between

protonated MEA and formate, shown in Equation [2.13

MEAH* + CHO,~ «— HEF + H,0 (2.13)

Equation shows the formation of C,H,0,, the intermediate glyoxal. Additional
ammonia is also formed. Glyoxal reacts with formaldehyde, MEA and ammonia

further in Equation [2.15, forming HEI.

MEACOO™ + MEAH* + 20, — 2C,H,0, + 2H,0 + 2NH, + CO,  (2.14)

MEA + CH,0 + C,H,0, + NH, +— HEI + 3H,0 (2.15)

Glyoxal is also oxidised, forming oxalic acid, shown in Equation [2.16|

C,H,0, + 0, —» C,H,0, (2.16)

Oxalic acid reacts in Equation 2.17 with MEA forming BHEOX.

2MEA + C,H,0, «— BHEOX + 2H,0 (2.17)
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2.2. DEGRADATION OF MEA

Lastly, the formation of HEGly is shown in Equation [2.18]|

MEACOO™ + MEAH" + O, — HEGIly + NH; + H,0 + CO, (2.18)

These are reactions used by Pinto et al. (2014), based on literature and observa-
tion in the oxidative degradation experiment by Vevelstad et al. (2014). There
has also been observed a catalytic effect of dissolved metallic ions on oxidative

degradation[34]. However, this effect has not been included in the models.

2.2.2 Thermal Degradation

Thermal degradation is reactions with MEA and CO,, at elevated temperatures. This
degradation path is mainly a problem in the desorber section, as this is where the
temperature is the highest[34]. However, the temperature in the heat exchanger and
the hot pipes are also relatively high, which means that thermal degradation of MEA
can also occur here. In addition to temperature, the rate of thermal degradation is
increased as the loading rises. This is because more CO, is present to react with

MEA[33].

It should be noted that oxidative and thermal degradation are coupled, meaning
that they both influence each other[30]. In this thesis, the models describing the
oxidative and thermal degradation were developed independently, which means that
this effect is not seen. The concentrations of the degradation compounds, which
the advanced model predicts, might therefore differ from actual plants. This is a

significant disadvantage in the model and will be discussed.

In order to describe the thermal degradation in the complete advanced model, an in-
house degradation model is used. This in-house model uses equations similar to the
ones by Davis (2009)[36]. The reactions that this model is based upon can be found
in Equation to[2.24] Thermal degradation in the complete simplified model is
only described by the reaction in Equation [2.19] as this model only considers the

consumption of MEA.
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In the first reaction, seen in Equation [2.19] carbamate and protonated MEA is
formed by a reaction between MEA and CO,. It is assumed that the carbamate
concentration is proportional to the CO, concentration, as long as there is enough

MEA to form the carbamate.

2MEA + CO, — MEAH" + MEACOO™ (2.19)

0ZD is formed in Equation [2.20]

2MEAH" + MEACOO~ — OZD + MEA (2.20)

OZD is an intermediate and reacts with MEA to form HEEDA, as shown in Equation
2211

MEA + OZD — HEEDA + CO, (2.21)

HEEDA is believed to react with CO, and OZD, forming HEIA and TRIMEA,
shown in Equation and [2.23] respectively.

HEEDA + CO, — HEIA (2.22)

HEEDA + OZD — TRIMEA (2.23)

Lastly, TRIMEA can react further with CO,, forming TRIHEIA shown in Equation

TRIMEA + CO, — TRIHEIA (2.24)
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2.2.3 Degradation From Impurities

The last degradation path that the models are based on is degradation of MEA from
impurities in the flue gas. Impurities such as SOx and NOx in the flue gas do also
seem to cause degradation with MEA[32]. NOx usually contains 90-95% NO, with
NO, being the remaining component. It is believed that NO, is the only component
in the NOx which reacts with MEA[37]. Degradation with impurities is known to
form nitrosamines. Even though the formation usually is not of great magnitude,
these compounds are carcinogenic at low concentrations and are therefore essential

factors in a degradation study[16][31].

2.3 Energy Considerations

The other major problem of amine-based PCC is the large energy consumption.
Providing enough energy to reverse the absorption reactions is done in the reboiler
section. Equation [2.25] can be used to find the total amount of energy, Qgep, which
is divided into three parts[38].

QReb = (hCOQAHCO2) + (msolvﬁp(,—f’i — Tout)) + (nvap,HQOHvap,H20> (225>

The first term in the equation above is the energy that is needed for the desorption
process. nco, is the stripping molar flow rate, and AHgo, is the heat of CO,
desorption. The second term represents the energy that is needed to provide the
stripping temperature in the desorber section. @ is the specific heat capacity of the
solvent, and (T}, — T, ) is the temperature difference in the solvent for the inlet and
outlet stream of the stripper, respectively. In the final term, 1,4 1,0 is the molar
flow rate of vaporised water and H,.p 1,0 is the heat of water vapourisation. This
term will increase when the driving forces are reduced. If the reboiler must strip
to a low loading, the partial pressure of CO, is decreased and so are the driving
forces for mass transfer in the system[39]. The partial pressure of water vapour

must therefore be high, which increases the energy demand.
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In order to limit energy consumption to a minimum, these terms should be consid-
ered when installing a carbon capture plant. The specific energy consumption is
often measured to be GJ per ton CO, captured. The Liquid-to-Gas (L/G) ratio [kg
solvent h™! / kg flue gas h™!] says how large the solvent flow rate is compared to
the flue gas. An optimal L/G concerning energy will limit the energy consumption.
If the solvent flow rate is too large, the second term in Equation [2.25| will increase
more than necessary. But if the solvent flow rate is too low, the reboiler must strip

to a lower lean loading, increasing the energy consumption exponentially, which is

illustrated in Section [4.4.1]
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CHAPTER 3

METHODOLOGY

In this Chapter, the procedure on how the results were obtained is shown. The
lab-scale experiment and the pilot plant are introduced in Section [3.1} The solvent
volumes being exposed to oxidative and thermal degradation will be assumed in
Section [3.2] Section [3.3] and [3.4] are where the model equations are shown for the
simplified and advanced model. Finally, Section is where the methodology of
the process simulations can be found. This section also includes a description of the

industrial cases.

3.1 Experimental Studies
In this section, the lab and pilot plant with which the models are compared are

introduced. The SDR campaign by SINTEF is described in Section |3.1.1. Then an
introduction to the Niederaussem pilot plant can be found in Section [3.1.2]

3.1.1 SINTEF’s Solvent Degradation Rig

Grimstvedt et al. (2020) investigated degradation in a Solvent Degradation Rig
(SDR)[40]. This was a lab-scale degradation study that was run for eight weeks
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with 40 wt% MEA as solvent, where the concentration of MEA and degradation
compounds were analysed every week through the campaign. In total, there were
six different protocols in the campaign where process parameters were changed. In
the first 3 weeks of the experiment, standard protocols were applied. In week 4-
7, the concentration of NOx was increased, and in week 5-6 is when the stripping
temperature was adjusted to 140 °C. Sump stripping was applied in week 5 and 8§,
and lastly, iron addition in week 7. Table [3.1] and [3.2] show the process conditions
in the SDR[40).

Table 3.1: Process conditions in the SDR[40].

Stripper Desorber Flue gas
Sump Iron
Weeks Temperature Pressure NOx content
Stripping addition
[C] [bar] [ppmv]
Week 1-3 120 1.8 10 Off No
Week 4 120 1.8 100 Off No
Week 5 140 3.5 100 On No
Week 6 140 3.5 100 Off No
Week 7 120 1.8 100 Oft Yes
Week 8 120 1.8 10 On No
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Table 3.2: Additional process conditions in the SDR[40].

Lean loading 0.2
Rich loading 0.5
Flue gas flow rate [NL/min] 1

Flue gas temperature [°C] 40
Solvent volume [kg] 4.5

Initial MEA concentration [mol/L] 6.79

Flue gas composition

O, [vol%)] 12
CO,, [vol%] 3

N, [vol%)] ~T5
NOx [ppm] 10-100

Table shows the loading of the lean and rich solvent, flue gas flow rate, flue gas
temperature, solvent volume, initial MEA concentration and the concentration of

0,, CO,, N, and NOx in the flue gas.

The sump stripping was a method to remove oxygen and other trace gases dissolved
in the solvent. The sump stripping was done by purging N, in the absorber sump,
such that the partial pressure of oxygen and other trace gases was reduced, a benefit
of Henry’s Law. Overall, the sump stripping did no apparent effect in the experiment
and is not considered in the models. The effect of iron addition was also not observed

in the campaign. A simplified flow diagram of the SDR is illustrated in Figure |3.1
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Figure 3.1: Flow diagram of the SDR[41].

Most of the absorption happened in the Re-abs (Re-absorber) by bubbling the flue
gas through a filter covered by lean solvent. This Re-absorber was intercooled with
tap water. Therefore, it was assumed that the average temperature in the Re-
absorber was constant and equal to the temperature of the rich loading stream,
being 40 °C. The rich stream was further sent to the absorber column. Both the
rich solvent and the flue gas were recycled in the absorber column such that less
synthetic flue gas was consumed and to get a realistic amount of solvent in the

absorber.

The concentration of MEA and degradation compounds in the SDR were measured
in mol/kg. The density of the lean solvent was around 1.09 g/mLJ40]. Since the rich
solvent density would be even higher as more CO, is present, an average density of
1.10 g/mL was assumed. This density was used to convert the concentrations into

mol /L.
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Grimstvedt et al. (2020) reported a relative MEA degradation of 3.6g/Lweek ™!
where the main degradation compounds were HEPO, MEA urea, HEGly and HEEDA.
It was further observed a clear effect of the degradation when the stripping temper-
ature was increased[40)]. Section shows the results when the degradation models

are applied to this degradation study.

3.1.2 Niederaussem Pilot Plant

Moser et al. (2020) investigated solvent degradation at a pilot-scale PCC plant
at Niederaussem[I0]. This campaign was an 18 month long test with a specific
MEA consumption of 0.3 kg/tco, in the first 4-5000 hours of operation. This MEA
consumption is far less than what can be observed at other pilot plants, for unknown
reasons|[16]. The pilot plant had a 90% CO, capture rate with 30 wt% MEA as
solvent[I0]. Table shows the process conditions at the pilot plant.

In this thesis, both complete models are predicting solvent degradation with process
conditions at the Niederaussem pilot plant. It was chosen to model the first 4000
hours of operation, as this is where a linear degradation rate was observed at the
plant. The degradation rate was increased to some extent after this period, which
may have occurred due to iron catalysis. Since iron’s effect on degradation is not
included in the models, the linear degradation regime at Niederaussem was chosen

to be modelled[10].
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Table 3.3: Process conditions at the Niederaussem pilot plant[10].

Lean loading 0.2
Rich loading 0.5
Flue gas flow rate [m3/h] 1150

Cold rich solvent temperature [°C] 40
Stripping temperature [°C]| 120
Temperature in hot rich piping [°C] 110
Solvent volume [L] 3000
Initial MEA concentration [mol/L]  4.91

Flue gas composition

O, [vol%] 5.0
CO, [vol%] 14.2
N, [vol%] 80.8
NOx [ppm] 130
SOx [ppm] 1

Moser et al. (2020) did not report the lean and rich loadings, so they were assumed to
be 0.2 and 0.5, respectively. The solvent volume was found by a mail correspondence

with Moser.

Since the cold rich solvent temperature was 40 °C, it was assumed that the average
temperature in the absorber also was 40 °C. This is a relatively low temperature, as
some temperature increase often is expected in the absorber due to the exothermic
absorption reactions. With a CO, concentration above 14 vol%, the temperature
might have increased significantly. However, no temperature profile was available,
and that is why 40 °C was assumed. This might indicate that the models predict
a reasonably low rate of oxidative degradation, as oxidative degradation is strongly

dependent on the absorber temperature, which will be shown in Section [4.4.2]

By the first 4000 hours of operation at the Niederaussem pilot plant, 1000 tons of
CO, was captured[10]. Section shows how the two models compare with this

pilot plant.
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3.2 Solvent Volume Exposed to Degradation

In this section, assumptions are made to estimate how much solvent is exposed to
oxidative and thermal degradation. Previous research has stated that the rate of
oxidative degradation increases as the oxygen content and temperature increase.
Likewise, thermal degradation is increasing as the temperature and loading are
increasing. A campaign from the Technology Center Mongstad (TCM) published
by Flg et al. (2017) estimated how much of the solvent was exposed in the different
process components in the plant. According to this article, 44% of the solvent
volume was at all time exposed to oxygen. This exposure to oxygen includes both
the absorber and the absorber sump. An additional 35% of the solvent was exposed
to temperatures above 100 °C. However, this part was divided into three, as the

temperature and loading vary within each part[12].

The first volume, referred to as Vipermai1, is the solvent volume in the desorber
packing, desorber sump, and reboiler. According to Flg et al. (2017), this volume
is 9.5% of the total solvent volume. The temperature in this part is equal to the

stripping temperature, and the loading is assumed to be equal to the lean loading[12].

The second volume, referred to as Vinermaiz, i the volume of the hot rich piping.
This part only contains 2.3% of the total volume, and the temperature is assumed
to be 10 °C less than the stripping temperature. This was also seen at the hot rich
piping in the Niederaussem pilot plant[I0], as the temperature was 10 °C less than

the stripping temperature. The loading is equal to the rich loading[12].

The last term, Vipermaiz, represents the volume in the hot lean piping and the cross
heat exchanger. By the estimation from Flg et al. (2017), this is 22.9% of the total
volume. In this part, the temperature is assumed to be 10 °C less than the stripping
temperature, the same as in the hot rich piping. It was further assumed that the

CO,, concentration is described by the lean loading[12].

When predicting MEA degradation in pilot plants and the industrial cases, these
volumes are used. However, when modelling the SDR campaign by SINTEF, another

assumption was made. This assumption is based on the configuration of the SDR,
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which was shown in Figure [3.1]

In this configuration, it was observed that there is a rich solvent recycling and a
rich stream going to the desorber. In the SDR campaign, the rich solvent recycle
had a volumetric flow of 10 L/h, while the stream going to the desorber had 6
L/h. This was taken into account when the degradation models were applied to
this campaign. It was assumed that the stream passing through the whole rig
followed the assumption from Flg et al. (2017), where 44% is in contact with oxygen.
Furthermore, 60% of the recycle stream was assumed to be in contact with oxygen.

Equation [3.1] shows the assumed total volume which is in contact with oxygen at

the SDR.

6 10
V;)m'dative = 044 . (1—6) : V —|- 060 : (E) . V = 054V (31)

The equation shows that 44% of the volume of the stream going back and forth to
the desorber is in contact with oxygen, while 60% of the solvent recycle stream is
exposed to oxygen. In total, 54% of the solvent inventory is in contact with oxygen

and therefore exposed to oxidative degradation.

The parts which were in contact with high temperatures, Vinermaits Vihermaz and

Vihermats, were calculated the same way, seen in Equation [3.2

V;fhermali =Ty <_> % (32)

i is the number for each different part (1-3), and z; is the fraction of volume at part
1 exposed to high temperature. These are presented above. The difference between
the SDR, and pilot plants and the industrial cases is that the fraction of the volume
is now split as 6/16 and 10/16, which represents the volumetric flows going through

the whole rig and in the recycle.
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3.3 Simplified Degradation Model

The first model referred to as the simplified model, only considers the consumption
of MEA and does not include any degradation compounds. A rate equation for
oxidative degradation was found in this work by fitting parameters from an oxidative
degradation study by Vevelstad et al. (2014). This simplified model was developed
to have a model for oxidative degradation, which takes loading into account when

calculating the solubility of oxygen. The thermal degradation equation is an in-house

model at NTNU.

3.3.1 Oxygen Solubility in Loaded MEA

The oxygen solubility depends on oxygen content in the gas, temperature, and
solvent loading]29]. An oxygen solubility model by Weisenberger and Schumpe
(1996) was therefore used. The model is suitable for electrolyte solutions between 2-
5 kmol m~® and is shown in Equation [3.3] The model uses experimental values from
an experimental study by Buvik et al. (2021) and ion concentrations in CO,-loaded

30 wt% MEA by Béttinger et al. (2008).

log (C;?C;O) = (hi+ —hc)c (3.3)

Capo and Cg, inside the base 10 logarithm, are the gas solubility in pure water and
electrolyte solutions, respectively. h; is the ion-specific parameter, hqg is the gas-
specific parameter, and C; is the ion concentration. hg depends on temperature,

and its correlation with the temperature is given in Equation [3.4]29].

ha = hao + ho(T — 298.15K) (3.4)

he,o is the gas-specific parameter, hy is the temperature’s effect of the gas-specific
parameter, and T is the temperature. hg is 0 for oxygen (ho, ) and hy is -0.000334
m?kmol "K' [42]. The ion-specific parameters for MEAHT and MEACOO™ were
determined to 0.0133 and 0.1284 m*kmol~! by Buvik et al. (2021). The ion-specific
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parameter for HCO; was determined to 0.0967 m®kmol™! by Weisenberger and
Schumpe (1996). The ion concentration of MEAHT, MEACOO~ and HCO, were
determined by NMR spectroscopic for a wide range of experiments by Bottinger
et al. (2008)[43]. The ion concentrations used in this paper were taken from this

experiment. These concentrations at the specific temperature and loading can be

found in the python code in the Appendix, Section [A.5.1]29].

The solubility of oxygen in pure water, Co, o, was calculated by Equation pro-
posed by Xing et al. (2014)[44].

55.56p0
Co,.0 2

(3.5)

Po, is the partial pressure of oxygen [bar], and 7" is the temperature [K]. Buvik et al.
(2020) found a low deviation in oxygen solubility between MEA solutions with 30
and 50 wt% MEA. Therefore, it was assumed that this model for predicting oxygen
solubility is also valid for 40 wt% MEA solutions, like the MEA concentration at
the SDR[29].

3.3.2 Oxidative Degradation Model

The rate equation for oxidative degradation in the simplified model is based on the
experiments by Vevelstad et al. (2014). In this study, oxidative degradation was
investigated in an open batch reactor containing 1 L 30 wt% MEA with a loading
of 0.4[15]. Twelve different experiments were measured while varying the oxygen
concentration and the temperature in the reactor. Three experiments out of these
twelve were conducted with a gas phase oxygen concentration of 98 mol%. These
three experiments were not included to obtain the rate of oxidative degradation.
They were not included mainly because such high oxygen concentration is far from
industrial levels. The temperature and oxygen concentration in the gas phase can

be seen in Table [3.4] for the selected experiments.
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Table 3.4: Temperature and oxygen concentration in the experiments
by Vevelstad et al. (2014) which were used to fit the oxidative rate

equation[15].

Temperature ['C] Oxygen concentration [mol%)]

55 6
55 21
95 49
65 6
65 21
65 49
75 6
75 21
75 49

The duration of the experiments varied between 20 and 42 days, and the MEA con-
centration was measured multiple times. For each of the selected nine experiments,
five intervals were chosen to estimate a rate equation for oxidative degradation. Five

intervals were chosen for each experiment to get a more robust rate equation.

The optimisation of the rate equation was done by the Nelder-Mead method and
is seen in Section in the Appendix. The Nelder-Mead method optimised the

1

pre-exponential factor to be 759 s~! and the activation energy to be 52.1 kJ/mol,

seen in Equation [3.6]

—TMEA, oxidative = 759 - e_gilTlg [02]0.24 (36)

R is the gas constant [8.314 J/Kmol], T" is the temperature in the absorber [K]
and [O,] is the concentration of oxygen [mol/L]. The rate of oxidative degradation,
—TMEA ozidative |10l/Ls™!] depends on how much solvent is exposed to oxygen and

is therefore multiplied with the solvent volume exposed to oxygen. This volume was

described in Section [3.2
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3.3.3 Thermal Degradation Model

The rate equation for the thermal degradation in the simplified model comes from
an in-house model[45]. This model with fitted parameters for the activation energy
and pre-exponential factor in 30 wt% MEA, loading range between 0.1-0.45 and
temperatures between 100-145 °C can be found in Equation [3.7]

— 139000 (L 1

e (1-r7) j0o, M EA (3.7)

—11
—TMEA thermal = 3.34 - 10 - e

—TMEAthermar has units mol/m?*s™, and [CO,] and [M EA] have units mol/m?. R
is the gas constant [8.314 J/Kmol|, T is the stripping temperature [K]|, and Ts is
a reference temperature of 400 K. In the model, this equation is divided by 1000,
such that the unit of -rarpa thermar 1s given in mol/ Ls™!, similar to the oxidative

degradation equation.

As mentioned in Section 3.2} this rate equation must be multiplied with the volumes

which have high temperatures. Therefore, the equation was split into three parts,

Equation [3.§] to [3.10]

— 139000 (L 1

—TMEBAthermala = 0.095-V 23341071 .e T_W)[CO2]lem[MEA] (3.8)

— 139000 ( 1 1

—TMEAthermale = 0.023 -V -3.34.1071 e T*lO’W)[COQ]mh[MEA] (3.9)

—139000 ( 1 1

—TMEAthermals = 0.229-V -3.34-107" ¢ ® T‘lo_@)[COQ]lean[MEA] (3.10)

Equation shows the thermal degradation occurring in the desorber, desorber
sump and the reboiler, being 9.5% of the total volume. Equation is the part
that is in the hot rich piping, which is 2.3% of the total volume. The last one,
seen in Equation [3.10] is the part in the hot lean piping, which is 22.9% of the total
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3.3. SIMPLIFIED DEGRADATION MODEL

volume. 10 °C is subtracted from 7" in the latter two as the temperature here is lower
than in the desorber. When the SDR is modelled, these equations are multiplied
by 6/16, as mentioned in Section . It can also be seen that Equation is the
only one where rich loading is assumed, as the concentration of CO, is here equal

t0 Qpich-[MEA].

3.3.4 Degradation from Impurities

The impurities of the flue gas, which consist of NO, and SO,, both react with the
amine. The contribution of these impurities in the flue gas is included in the model

based on a study by Rao et al. (2002). Equation shows this estimation[25].

[MEA]degradation = 2fSO2 : [802] + 2fN02 : [NOQ] (311>

Here, [MEA|gegradation is the moles of MEA degraded per second, fso, and fxo,
are the reaction efficiencies of SO, and NO,, and are 99.5% and 25%, respectively.
[SO,| and [NO,| are the molar flows of the component in mol/s[25]. The reaction
efficiencies are multiplied by 2 because two MEA molecules are reacting per SO, and

NO,. This equation for predicting MEA consumption from impurities are applied

to both models.
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3.4. ADVANCED DEGRADATION MODEL

3.4 Advanced Degradation Model

The complete advanced model in this thesis is based on Pinto et al. (2014) and an
in-house model for thermal degradation, and lastly, the degradation from impurities
by Rao et al. (2002). This complete advanced model can, in addition to MEA

consumption, predict the accumulation of degradation compounds.

3.4.1 Oxidative Degradation Model

Pinto et al. (2014) fit the proposed oxidative degradation reactions based on the
oxidative degradation study by Vevelstad et al. (2014). This model uses an oxygen
solubility model developed by Rooney (1998). This oxygen solubility model does
not take loading into account. The code which calculates this solubility is shown in
Section [A.5.2] These lines of code are taken from the previous work by Pinto et al.
(2014).

In this oxidative model, no evaporation is assumed, which means that all of the
formed degradation products remain in the liquid phase. Ammonia and formalde-
hyde are two volatile compounds that this may affect significantly. This means that
the model’s prediction of these compounds might be higher than what actually is
in the solvent, as most can be assumed to exit with the gas. However, the model

might fit describing the total amount of produced ammonia and formaldehyde.

Based on the proposed reactions describing oxidative degradation, shown in Section
, reaction rate equations were fit by Pinto et al. (2014). The reaction rates,
R,; [mol/Lday~'] with their respective reaction orders are shown in Equation [3.12]
to [3.19] The value and units of the fitted pre-exponential factors, A; and activation
energies, E,; can be seen in Table in the Appendix, Section [30] The

reaction order of the compounds are shown in the equations below.
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R, = Alea:p<_]§;’1> ([MEBACOO™|[M EAH*))*5[0,]0-99% (3.12)
R.=A —Eap 0.936 0.107
oy = 2exp< BT >[F0rmaldehyde] (O] (3.13)

-k
R,, = A;;exp( R;,S ) [MEAH" %7 Formate]®%*

> (3.14)
. A4 0.822
A4exp( =T )[HEF]
-F
R, = A5exp< R;vf’) ([MEACOO™|[MEAH*)*%5[0,]°755 (3.15)
R,, = Aﬁexp<_EA’6> [M EA]™4CH, 0] [NH, "% [Glyozal] 10
RT . (3.16)
_ AT 0.643
A7exp( T )[HEI]
-F
R, = Agexp< R;’S) [Glyowal]*™[0,]°5% (3.17)
R,. = Agexp(_§;’9> [MEAH %Y [Oxalate]*** 3.18)
3.18
—Aloe:vp( _}Eﬁ‘;lo) [BHEOX]"“"3
-E
R, = Auexp< R;”)([MEACOO—][MEAH+])2-972 [0,]0-2% (3.19)

It has been assumed that the formate concentration is equal to formic acid, and the
concentration of oxalic acid is equal to oxalate. Theses assumption are based on
instantaneous deprotonation of formic acid and oxalic acid. Also, the concentration
of protonated MEA and carbamate is equal to the loading multiplied by the MEA

concentration. These assumptions were made by Pinto et al. (2014).
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3.4.2 Thermal Degradation Model

Since the development of an advanced thermal degradation model was beyond this
project’s scope, an in-house model was used. The rate equation describing the
thermal degradation in the advanced model is seen in Equation [3.20, The reference
reaction rate coefficient and activation energies were fit in previous work, where

several experiments were included. These values can be found in Table in the

Appendix, Section [A.T]

kr;,=Fk.;- e%a(%_ﬁ) (3.20)

kr; is here the reaction rate coefficient for thermal degradation for reaction ¢, with
units the same units as k,;. k,; is the reference reaction rate coefficient with varying
units. These units can be found in Table . E,; is the activation energy for
reaction i [J/mol], T" is the temperature [K], R is the gas constant [8.314 J/Kmol],

and T,y is the reference temperature at 400 K.

The in-house model for thermal degradation is based on the chemical reactions,

given in Equation 2.24] Section The rate equations for these reactions can
be seen below, from Equation to[3.24]

Ry, = kr1[MEACOO™] (3.21)

Ry, = kro|[HEEDA][CO,) (3.22)
Ry, = krs|[HEEDA][MEACOO™] (3.23)
Ry, = kra[TRIM EA][CO,)] (3.24)

The values of k7; were calculated by Equation and multiplied with the com-
pound concentrations, seen from Equation to[3.24] These equations are based
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3.5. MODELLING INDUSTRIAL CASES

on concentration units of [mol/m?]. The units are converted from mol/L to mol/m?
by multiplying the concentrations with 1000 L/m3. The rate of reactions are finally
divided by 1000 such that the equations return mol/Ls™!. This can be seen in the
advanced model in the Python code in the Appendix, Section [A.5.5]

3.5 Modelling Industrial Cases

In the final part of this thesis, the two degradation models are applied to two different
fossil power plants. These two fossil powered plants are assumed to have a PCC
installed using 30 wt% MEA as solvent. This part aimed to find the main differences
in degradation by either having coal or NG as fuel in a power plant. In this section,
the methodology in how the results were obtained are described. First, a typical
flue gas flow rate and composition from industrial-sized coal and NG-based power
plants were found. Then simulations in ProTreat were done to find the optimal
L/G ratio concerning the energy need in the reboiler. By studying the temperature
profiles of the absorber with the optimal L/G, an average temperature was found.
The dimensions for the absorber and desorber column were found by assumptions

and by literature.

The case for the hypothetical coal-based power plant has its flue gas flow and com-
position taken from a typical 400 MW plant, described by Singh et al. (2003)[T1].
The NG flue gas flow rate is also taken from a typical 400 MW power plant, which
was found in an article by Sipocz et al. (2011)[46]. Amann and Bouallou. (2009)
made a simulation comparison between NG and coal-based power plants, which is
from where the flue gas composition of the NG is taken[47]. The flow rates and com-
positions of the flue gases can be seen in Table in Section in the Appendix.
The absorber and desorber pressures were chosen to be 1.0 and 2.0 bar, respectively.

These are typical pressures for industrial sized plants[48][11].
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3.5.1 Simulation

For the simulation part in this thesis, heights of the absorber and desorber columns
were needed. The height of the absorber column was set to be 20.0 meters, equal to
the height of the Tiller pilot plant. Likewise, the height of the desorber column was
set to 13.7 meters, similar to the Tiller pilot plant. The heights of these columns
at Tiller were based on industrial sized column[49]. However, the diameters in the
Tiller pilot plant columns were not scaled for an industrial plant. Therefore, the
diameters were calculated based on the flow rate of the gas and the gas velocity,

given by Equation [3.25(50].

V = Av (3.25)

In Equation , the cross-section area A [m?] was calculated by dividing the flow
rate of the flue gas, V' [m3/s], by the gas velocity, v [m/s]. Park and @i. (2017)
estimated the capital cost of absorber columns concerning the gas velocity. In that
work, it was found that the optimal gas velocity for a typical Mellapak 250Y packing
is 2.0 m/s for flue gases emitted by the combustion of natural gas[50]. The gas
velocity of 2.0 m/s was also used on the flue gas from the coal study. In the Tiller
pilot plant, the desorber has a diameter equal to 80% of the absorber diameter. The
diameter of the desorber was therefore assumed to be 80% of the absorber in this
thesis. The calculated diameter for both cases can be found in Table [A.3in Section

[A4] in the Appendix. A screenshot of the simulation in ProTreat can be seen in

Figure 3.2
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Figure 3.2: Screenshot from the industrial case simulation in ProTreat.

The flue gas comes in with stream 7 at 40 °C at 1.0 bar to the absorber. Here, the
CO, counter-currently reacts with a 30 wt% MEA solution, stream 2, which enters
the absorber at the top. The rich solvent is pumped through the heat exchanger,
HEX and enters the desorber column with stream 5. HEX is a pinch-exchanger
with a minimal approach temperature of 10 °C. A pinch temperature of 10 °C has
been used in previous research and was therefore also used here[51]. Further in the
desorber, the rich solvent is stripped for CO,, before the rich CO,-stream is cooled
with a condenser. This condenser was set to 20 °C, such that a 98.7 mol% pure
CO, stream could exit with stream 12. Stream 13 is water that was separated from
the rich CO,-stream in the condenser, and stream 10 is the water reflux back to
the desorber. Solver-1 is the adjustment block, which adjusted the reboiler duty
such that 90% of the CO, from stream 1 was stripped. The lean solvent in stream
14 passes the heat exchanger heating the stream from the absorber and is further
cooled down to 40 °C in the Cooler. Control is the block that provides additional
make-up values of water and MEA. The two recycle blocks were included to set

initial values such that the simulation converged.

22 simulations were run for the coal flue gas, where the L/G ratio varied between
2.0 and 7.0. The run with the lowest reboiler duty was chosen to have the optimal

L/G concerning energy consumption. A temperature profile was found in ProTreat
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3.5. MODELLING INDUSTRIAL CASES

and used to calculate an average temperature in the absorber column. Additional 17
simulations were run for the NG flue gas. These simulations had an L /G value rang-
ing between 0.75 and 4.0, and the optimal /G concerning energy was found. The
temperature profile for this run was also found, such that an average temperature
was calculated. The average temperatures in the absorber were found by assuming

that the liquid flow was constant through the packing.

For the degradation study, concentrations of NOx and SOx were found based on
literature for the two cases. The concentration of these impurities for the coal
flue gas was assumed to be equal to the concentration found in Niederaussem, 150
mg/Nm? (~130 ppm) NOx and 1 mg/Nm? (~1 ppm) SOx. Hisénen et al. (1986)
did an emission comparison study on NOx in coal and NG power plants. It was
found that the NOx emission was 300 mg/MJ for coal and 100 mg/MJ for NG. The
NOx concentration in the flue gas from NG was set to 43 ppm, or 33% of the NOx
assumed in the coal flue gas. It was further assumed that no SOx is found in the

flue gas from the NG power plant.

The total solvent inventory in the two cases are based on the volume which was
found at Niederaussem. Since the Niederaussem pilot plant captured 1000 tons CO,
in 4000 hours, it had an hourly CO,-absorption rate of 250 kg/h. The plant had
a total volume of 3000 L, which means that 12 L solvent was needed per kg CO,
absorbed per hour. Based on the hourly CO, capture rate from the simulations at a
90% CO, capture rate, the total solvent volumes were calculated. The results from

these calculations can be found in Table[A.6] in Section [A.4]
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CHAPTER 4

RESULTS AND DISCUSSION

In this Chapter, both degradation models are evaluated and used. Section is
where the parameter fitting of the oxidative degradation equation for the simplified
model is discussed. Secondly, Section is where the models are compared with
SINTEF’s SDR campaign. In addition to MEA consumption, the advanced model is
compared by modelling the accumulation of the degradation compounds. Then, the
models are used to predict degradation at the Niederaussem pilot plant in Section
[4.3] Finally, the simulation results from the industrial cases are shown in Section
.4 This study is done to find potential differences regarding degradation with
different types of fossil fuel. The flue gas from the NG-based power plant has more
oxygen in the flue gas. However, the coal flue gas has more CO, indicating more

heat from the absorption in the absorber column.

4.1 Fitting the Oxidative Degradation Equation

The parameter fitting was done to get a rigid rate of oxidative degradation in the
simplified model. The constants in Equation was fitted. It was chosen to use 45
intervals to fit this equation to have a sufficient amount of data points. Figure
shows how the 45 chosen measurements by Vevelstad et al. (2014) compare with

the optimised oxidative degradation equation. This comparison aimed to see if any
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4.1. FITTING THE OXIDATIVE DEGRADATION EQUATION

trends could indicate over or under-prediction of the obtained rate equation. The
ratio between the predicted MEA consumption by the model divided by the observed
change in the MEA concentration is plotted against four different parameters to see
if there are any trends. The red horizontal line indicates where the model yields
the same degradation as the experiment. This means that the blue points above
the red line are where the model is over-predicting the amount of MEA degraded.
The points that are below the red line indicate an under-prediction of the model

compared to the experiment.
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Figure 4.1: Ratio between the change in MEA concentration between the

model and the experiment by Vevelstad et al. (2014) plotted against each

run (4.1al), oxygen solubility (4.1b)), initial MEA concentration (4.1c|) and
temperature [IEI]

In Figure .Ta] the change in MEA concentration predicted by the model divided by
the MEA change in the experiment is plotted against the 45 intervals. The points are

scattered, and it is hard to distinguish if there are any reasons for the widespread
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4.1. FITTING THE OXIDATIVE DEGRADATION EQUATION

because of the parameters like oxygen solubility, initial MEA concentration and
temperature change. Therefore, three additional plots were made such that any

possible trends can be discovered.

Figure shows the difference between the model and the experiment with varying
oxygen solubility. There are three bulks of points in this plot, where the bulk to the
far left contains the measurements with 6 mol% O,, the middle one is with 21 mol%
O,, and the last one to the far right is when the oxygen concentration was 49 mol%.
The temperature dependency of oxygen solubility is the reason for the small spread
on the x-axis in every main bulk, as the temperature ranged between 55 and 75 °C.
An almost equal amount of points at both sides of the red line can be seen for every
bulk, except the middle one with 21 mol% O, where most are below. However, no

clear trend can be found.

Further, in Figure 4.1¢, the change in MEA concentration ratio is plotted against
the initial MEA concentration in the interval. Neither in this figure can a trend be
found. It is known from the literature that oxidative degradation also depends on
the MEA concentration in addition to O4[52]. Therefore, in this figure it was tried
to see any difference between high and low MEA concentrations. However, it looks

like the rate equation fits evenly well for all concentrations.

The last comparison, Figure [£.1d] shows the accuracy of the model compared with
temperature. The points are above and below the red line for all three temperatures

of the experiment. Neither here can a trend be found.

Based on the illustrations in Figure {.1] it can be concluded that the obtained rate
equation describing the oxidative degradation in the simplified model fits averagely
good. No trend indicates that the rate equation is a bad fit. However, ideally, should

a rate equation have been fit with more data.
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4.2 Modelling the Solvent Degradation Rig

This is the section where the lab-scale experiment is modelled. The MEA con-
sumption is modelled in Section and the degradation products are modelled in
Section [4.2.21

4.2.1 MEA Consumption

In this section, both models are used to predict the MEA consumption in the SDR.
Figure [4.2] shows how the simplified and advanced model fit the measured MEA

concentrations at the SDR.
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——- Experimental
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Figure 4.2: Models prediction of MEA consumption at the SDR[40].

One can see in Figure that the advanced model is plotted as a blue line, the sim-
plified model is the orange line, and experimental values from the SDR is illustrated
with the dashed green one. This green line is based on 9 measurements, one initially
and then one for each week. It can be seen that the simplified model predicts more
degradation than the advanced model and the experiment. The advanced model is
more accurate and is slightly under-predicted at week 8. The simplified model pre-

dicts an MEA concentration of 6.3 mol/L, and the advanced predicts 6.4 mol/L after
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8 weeks of operation. The final concentration in the experiment was 5.79 mol/kg,

or 6.37 mol/L based on a density of 1.1 g/ml[40].

The reason for the concentration increase seen in week 1 in the experiment is un-
known. The concentration increase from week 5 to 6, however, is the outcome of a
leakage in the rig. 0.5 kg virgin 40 wt% MEA was refilled, which is the reason for
the concentration hop from week 5 to 6. Despite these two concentration hops in
the experiment, it seems like the concentration decreased quite linearly. However,
it can be observed that the rate of degradation was increased from week 4-5 at the
SDR. This is when the stripping temperature was increased to 140 °C, and can also

easily be observed in the models.

Both oxidative degradation models were fitted with the same data, but they are
still different, which might be because of the different solubility models they are
based upon. The advanced model has a solubility model by Rooney (1998) which,
calculates the solubility of oxygen in unloaded MEA[53]. Meanwhile, the simplified

model uses the oxygen solubility model which also includes the CO, loading.

4.2.2 Degradation Products

In this part, the advanced degradation model is used to compare accumulated degra-
dation products in the SDR. Figure shows the model’s prediction of NH;, HEF,
HEI and HEGly.
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Figure 4.3: The advanced model’s prediction on NH; (4.3a), HEF (4.3b)),
HEI (4.3c), and HEGly (4.3d)) illustrated by the blue line compared with

the measured experimental concentration, illustrated with the orange

dashed lines[40].

Figure shows the model’s prediction of ammonia. The concentration in the first
week fits quite well, but the model is then constantly over-predicting the amount
of ammonia. One crucial difference in the model and the SDR when comparing
ammonia is that ammonia is volatile. Therefore, some of the dissolved ammonia
in the SDR is continuously vaporised. The model does not include the volatility
of ammonia and predicts the total amount of formed ammonia in the liquid phase.
Because of this vaporisation, the total amount of formed ammonia could be more
significant in the SDR than what the figure shows. This means that the model
might be more precise in determining the accumulation of ammonia, but since some
are constantly vaporised, the concentration is off. SINTEF measured the ammonia

emission of a similar SDR campaign in 2012. Typically measured emission values

44



4.2. MODELLING THE SOLVENT DEGRADATION RIG

were in the range 164-267 mg/Nm? in the flue gas. However, these measurements
were strictly qualitatively correct, so the accuracy of these emission results might
range from a factor of ten[40]. The emissions of ammonia at other pilot plants have
varied between 200-300 mg/m?[10]. Overall, the model might fit quite well, but the
disadvantage of not including evaporation in the model results in uncertainty in this

prediction.

Figure [4.3b] shows that the model’s prediction of HEF does not fit with the mea-
sured concentration. The model predicts an exponential increase of HEF, while the
experimental measurements were slightly positively linear. In the model equilibrium
reaction, shown in Equation [3.14], it can be seen that HEF is produced if the con-
centration of formate is large, by Le Chatelier’s principle. This will be discussed
more in detail later when concentration profiles of formaldehyde and formic acid are

shown.

The next component to which the model is compared is HEI, seen in Figure [4.3c|
It seems like the model is under-predicting during the first 4 weeks and then over-
predicting during the last weeks. It looks like Equation [2.15| was shifted left after
week 4 in the SDR campaign, as the concentration of HEI was reduced while the
concentration of ammonia increased. So the difference between the experiment and
the model might come from the stripping conditions. This comes from the lim-
itation previously described, the fact that the oxidative model is based on pure
absorber conditions. However, it seems like the model fits quite well during the
first 4 weeks when the stripping temperature was 120 °C. Since HEI is a product of
ammonia, formaldehyde and glyoxal, the limiting factor may be glyoxal as ammonia

and formaldehyde have relatively high concentrations.

Figure shows the formation of HEGly. Here, it can be seen a rapid increase
of accumulation initially at the SDR followed by a decrease at week 4 when the
stripping temperature was increased. This decrease is most likely because HEGly is
a known intermediate forming HEPO. It was observed that the HEPO concentration
increased significantly from week 4 at the SDR[40]. Since HEPO is not included in
the model and instead predicts HEGly as an end-product, it may be expected that

the predicted concentration of HEGly is most precise in the first weeks. Then, after

45



4.2. MODELLING THE SOLVENT DEGRADATION RIG

some time, the model would over-predict the concentration of HEGly. HEPO was
not included in the model by Pinto et al. (2014) because the reaction rates were
based on a purely oxidative study. In this study, used to fit the oxidative model,
a minimal concentration of HEPO was observed and is most likely because of the

absence of high temperature stripping conditions.

Figure [.4] shows the formation of formic acid, formaldehyde, HEEDA, and HEIA.
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Figure 4.4: The advanced model’s prediction on formic acid (4.4al),

formaldehyde (4.4b)), HEEDA (4.4c) and HEIA (4.4d) illustrated by the

blue line compared with the measured experimental concentration, illus-

trated with the orange dashed lines[40].

In Figure [4.4a] the formic acid is modelled. Here, the orange dashed lines that show
the measured concentration of formic acid in the SDR start at week 7. The reason
for this is because the measured concentrations in the previous weeks were below

the detectable limit. However, in week 7 and 8, the concentration was detected and

46



4.2. MODELLING THE SOLVENT DEGRADATION RIG

very close to what the model predicted. Formic acid was proposed as a product of
formaldehyde, which was shown in Equation [2.12] It can be seen that the behaviour
in the formation of HEF in Figure4.3b|is similar to the formation of formic acid. This
is most likely because formate, which was assumed to have the same concentration as
formic acid, reacts with protonated MEA to form HEF, seen in Equation[2.13] Since
the concentration of formic acid seems well modelled, the assumption of Cyormate =
Cormic acia might have been the reason for the large over-prediction of HEF formation
in the model. So, the deprotonation of formic acid to formate might be lower than

was assumed in the model.

Formaldehyde is one of the most significant degradation compounds in this model,
seen in Figure[d.4b] There are no dashed orange lines in this figure because formalde-
hyde was not analysed for at the SDR. According to Svendsen et al. (2011),
formaldehyde is amongst the most volatile compounds seen from degradation of
MEA[54]. This might have been why SINTEF did not analyse for formaldehyde in
the solvent, as most of the formaldehyde was vaporised. Therefore, the concentra-
tion of formaldehyde predicted by the model is not reliable, as a great portion can be
assumed to be vaporised. This means that the model’s prediction of formaldehyde,

in addition to ammonia, most likely over-predicts.

Figure shows the concentration of the thermal degradation compound HEEDA.
The behaviour of the model and the measured concentration seems to be equal,
with some exceptions. A relatively large increase can be observed for both cases
as the temperature was increased to 140 °C from week 4. After week 6, the model
predicts a slight linear increase while the concentration at the SDR slowly decreased.
HEEDA was proposed to be an intermediate forming HETA and TRIMEA, shown
in Equation and respectively. TRIMEA was not analysed for in the SDR,
but HEIA seems to have the same increase as the model seen in Figure [1.4d] There
was a significant increase in HEPO in the final weeks in the SDR, and a proposed
reaction with HEEDA forming HEPO can explain the observed decrease from week
6[55]. Léonard et al. (2014) found a similar behaviour of HEEDA and HEIA.
In his experiment, the concentration of HEEDA was dominating with a stripping

temperature of 120 °C. When the stripping temperature was 140 °C, however, it
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looked like HEEDA reached a plateau. And from this point, the formation of HEITA
was dominating[56]. Figure in the Appendix shows that HEIA would also be

the main thermal degradation product after a longer period.

The formation of HEIA seems, according to Figure [£.4d], quite well for the model.
As HETA was suggested as an end product formed by HEEDA | HEIA would increase
with increasing concentration of HEEDA. A slight under-prediction can however be
observed in the model. It looks like HEEDA is degrading to HEIA faster in the SDR
than the model.

Figure shows the model’s prediction for the rest of the compounds included in

the model.
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Figure 4.5: Predicted concentration of the minor compounds which were

not analysed for at the SDR.

In this figure, the concentration increase of TRIMEA is the largest, especially from
week 4-6 with high stripping temperature. TRIMEA was proposed as an intermedi-
ate transforming to TRIHEIA, which also had a concentration increase from week
4. BHEOX is formed from oxalic acid by Equation [2.17] It looks like all formed
oxalic acid is transformed to BHEOX, and all formed glyoxal is oxidised to oxalic
acid since the concentration of both oxalic acid and glyoxal are more or less zero

through the period. This shows that glyoxal is the limiting factor producing HEI,
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which was mentioned earlier. The rest of the glyoxal reacts with oxygen forming
oxalic acid (Reaction and further reacts with two MEA molecules producing
BHEOX (Reaction [2.17). BHEOX was measured in the SDR, but this was only a
condensate measurement after the absorber and not in the liquid phase. However,
the concentration of BHEOX in the condensate was small, and it looks like it was

linearly growing, which fits this model[40].

Overall, the advanced model seems to fit quite well with the MEA consumption
observed at the SDR. The model also has similar behaviour for most of the analysed
degradation compounds. Although, some limitations have been mentioned. The
oxidative part of the model was developed from a purely oxidative study, which
means that compounds like HEPO were not included. This means that HEGly
might be over-predicted, especially after a more extended period. At week 8 in the
SDR campaign, SINTEF observed that HEPO accounted for approximately 60%
of the oxidative degradation compounds[40)], while in the model, formaldehyde is
the most dominating compound. The concentrations of formaldehyde and ammo-
nia are believed to be lower than the model predicts as they are volatile and may

evaporate[40].

It might look like the assumptions of the volume fractions, which were in contact
with oxidative and thermal degradation, fit quite well in this campaign. However,
in the future, the solvent volumes exposed to oxidative and thermal degradation

should be measured from the SDR.

Figure and in the Appendix, Section shows the model’s prediction of
the SDR over 80 weeks for oxidative and thermal degradation, respectively. After
week 8, standard protocols were applied to find potential steady state values of
the compounds. In Figure it can be seen that the formaldehyde concentration
decreases after some time while HEF and formic acid increase. This figure shows
that HEF and formic acid are the compounds with the highest formation rate after
80 weeks. HEF is, however, decreasing some, which indicates that formic acid (which

is assumed to be equal to formate) will increase even more.

For the thermal degradation compounds, seen in Figure [A.2] it is observed that

49



4.3. MODELLING THE NIEDERAUSSEM PILOT PLANT

HEIA will be the most significant product after some time, which also was seen in
the experiment by Léonard et al. (2014). This fits with the theory that HEEDA is
an intermediate and transforms to HEIA. TRIMEA and TRIHEIA are also growing
while it looks like HEEDA reaches a plateau.

4.3 Modelling the Niederaussem Pilot Plant

In this section, the two models are compared with the Niederaussem pilot plant.
The Niederaussem pilot plant was described in Section [3.1.2] Figure [4.6] shows the
models prediction of the Niederaussem pilot plant, based on the data from Moser et

al. (2020) and the assumptions from Section and [3.2]
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Figure 4.6: The models prediction of the MEA consumption at the
Niederaussem pilot plant over 24 weeks (4000 h).

Figure shows a significant difference between the models when comparing the
MEA consumptions at Niederaussem. The blue line, the simplified model, predicts
an MEA concentration of 3.6 mol/L, while the advanced model, the orange line,
predicts an MEA concentration of 4.2 mol/L after 4000 hours. The specific MEA
consumption for both models can be found in Table .1}
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Table 4.1: Specific MEA consumption for the two models predicted on

the pilot plant at Niederaussem.

Simplified model Advanced model

A Cppa [mol/L] 1.33 0.69
Solvent volume [L] 3000 3000
CO, captured [ton] 1000 1000
MEA degraded [kg] 243 126
MEA consumption [kg MEA /tco,] 0.243 0.126

The specific MEA consumption at Niederaussem was below 0.3 kg MEA /tco, during
the first 4000 hours[10]. It can be seen that the simplified model fits quite well with
a specific MEA consumption of 0.24 kg MEA /tco,. The advanced model predicts
0.13 kg MEA /tco,, approximately half the degradation observed at Niederaussem.
A reason for the large difference between the models may be that the advanced
model depends more on temperature than the simplified model, in addition to the
different oxygen solubility models. The temperature dependency will be further
discussed in Section [4.4

Some of the under-prediction of the models might be because volatile emissions
of MEA were not included in the model. Moser et al. (2020) reported an MEA
emission below 3 mg/m? in the modelled period. If these emissions were included in
the model, an additional 14 kg of MEA would be lost, which would result in more
precise models. This calculation can be found in Equation in Section in
the Appendix. Another reason for the under-prediction might be the assumption
of constant absorber temperature at 40 °C. Just a tiny increase in the absorber
temperature would increase oxidative degradation significantly. This is especially

the case for the advanced model, which will be shown in the following Section.

The Niederaussem pilot plant is different from other plants which have measured
MEA degradation. Most of the other published articles on pilot plants have a specific
MEA degradation between 1.5-3.5 kg MEA per ton CO,, far more than what was
observed at Niederaussem[I()]. Both models did predict relatively close solvent losses

compared to the pilot plant.
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4.4 Full Scale CO,-capture Plants

In this section, the two industrial scaled CO, capture plants are compared. The
first case is from a typical 400 MW coal-based power plant, and the second is from

a typical 400 MW Natural Gas (NG)-based power plant.

The process conditions of the two cases can be seen in Figure [A.3] First, results
from the simulation showing the optimal L./G ratio and temperature profiles in the
absorber column will be shown in Section [£.4.1 Then, the degradation models are
applied to the two cases in Section [4.4.2l The flue gas flow rate was constant for
both studies while having a CO,-capture rate of 90%. The study of coal flue gas is

often referred as just coal, and the study with the natural gas flue gas is called NG.

4.4.1 Simulation of Full Scale CO,-capture Plants

The simulation results for the coal and NG industrial cases can be found in Table
and [A.5] respectively, in the Appendix, Section [A.4] For the coal study, the
L/G ratio varied between 2.0 and 7.0, while it ranged between 0.75 and 4.0 for NG.
The specific energy consumption (GJ/tco,) are plotted against the L/G ratio for
coal and NG in Figure [1.7]

91 —— Coal
NG

1 2 3 4 5 6 7
L/G

Figure 4.7: Energy demand in reboiler per ton CO,- captured for different
L/G values for coal (blue) and NG (orange).
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With flue gas from coal, shown as the blue line in Figure [£.7], it can be seen that
the reboiler duty is massive when the L/G ratio is lower than 2.5. If the L/G were
to increase from 2.5, it looks like a linear increase in the reboiler duty. Then, the
specific energy consumption decreases because of a sudden hop in the lean loading,
as shown in Figure . These simulations found an optimal L/G ratio concerning
energy demand to be 2.6 for the coal case. At this L/G, the lean loading was 0.17,
the rich loading was 0.52, and the reboiler duty was 286 MW, seen in Table[A.4] At
this L/G, the specific energy consumption is 3.26 GJ/tco, .

The specific energy consumption for NG is shown as orange in Figure for L/G
ranging between 0.75 and 4.0. It can be observed a similar trend as for coal. Al-
though, the optimal L /G ratio was here 1.1. It was expected to be lower than coal
due to the lower CO, concentration in the flue gas. Table shows that the lean
loading was 0.21 and the rich loading was 0.50, with a reboiler duty operating at
152 MW. The specific energy consumption at the energy optimal L/G is here 3.41
GJ/tco,-

Equation [2.25] in Section can be used to describe Figure 4.7, The last term in
this equation is causing the exponential increase in energy for lower L./G. This term
is increasing because the desorption driving forces are becoming small with the low
partial pressure of CO,[39]. Therefore, this last part of the equation is exponentially
increased with the massive increase in required water vapour pressure. The first
term in the equation represents the heat of CO,-desorption, which was constant in
all simulations as the capture rate and flue gas flow rate were constant. The middle
term of the equation can be used to describe the behaviour of the slow linear increase
in reboiler duty after the optimal L./G, observed in Figure . This is because more
solvent must be heated as the L/G ratio increases. Figure shows the lean and
rich loading plotted against the L/G ratio for coal and NG (4.8b)). The lean
loading are in both cases illustrated as a blue line, while the rich loading is shown

as red.
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Figure 4.8: Lean and rich loading in the simulations with coal and NG

flue gas for different L/G values.

Figure shows that the lean loading for coal increases rapidly when the L /G ratio
is increased from 2.0 to 4.0. The lean loading flattens out to some extent before it
linearly increases from an L /G of 5.0. The rich loading decreases linearly to 0.47,
then increases to 0.49 when L/G is 7.0. The cyclic loading capacity(c ich-Qean)
was, however, decreased as the L/G ratio increased, as expected. This decrease was
expected because the higher the flow rate of the solvent and with constant amount
of CO, absorbed, the fewer MEA molecules could react and carry CO,. It can be
seen that the energy consumption also went down with the sudden increase in lean
loading at L/G = 5.0. This can be seen as the blue line decreasing at L/G = 5.0
in Figure 4.7, This illustrates that the energy needed to strip to a lower loading is
more significant than the energy required to heat a larger fraction of the solvent to

the stripping temperature.

Figure shows the lean and rich loading for the NG simulations. Like coal,
it starts with an initial large increase in the lean loading while the rich loading
decreases slowly. The growth in the lean loading stagnates near an L/G of 1.5,
where the rich loading starts to decrease at a higher rate. A sudden increase in the
rich loading is also found in the NG simulations, here when L/G is 3.0. The cyclic

loading capacity is also here decreasing with higher L/G ratios.

The simulations that yielded the optimal L/G ratio regarding energy consumption

in the reboiler were chosen for a degradation study. Temperature profiles in the
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absorber for these runs can be seen in Figure [1.9] for coal and NG.
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Figure 4.9: Temperature profiles in the absorber column for coal (blue)

and NG (orange) with optimal L/G concerning the energy demand.

Figure shows that there is a significant temperature difference in the absorber
between the two cases. The solvent was in both cases inserted in the column at 40
°C. For the simulation with coal, the temperature was instantaneously increased to
80 °C, while for NG, the solvent temperature increased to 61 °C initially. With the
assumption of constant liquid flow, an average temperature was found to be 63.4
and 50.1 °C, respectively, for coal and NG. The temperature bulge is for both cases
located near the top of the column, or 16-18 meters from the bottom of the column.
This shows that most of the absorption happened at the top of the column, due to

the exothermic absorption releasing heat.

Using the average temperature like this might result in an underestimation of the
oxidative degradation. This is because the reaction rate of oxidative degradation is
an exponential function with regard to temperature. The rate of oxidative degra-
dation would be significantly higher at the maximum temperature than the average
temperature calculated here. Optimally, it should have been integrated over the

column and calculated the oxidative degradation in each section.

It was expected that the temperature in the absorber with coal flue gas was higher

than for NG as the CO, content is significantly higher in coal flue gases. This
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temperature difference might indicate that the degradation rate is higher for coal
flue gases, as oxidative degradation highly depends on the absorber temperature.
The oxygen concentration is, however, larger for NG, which also gives more oxidative

degradation.

Figure showed no reason to use a carbon capture plant that uses a lower L/G
value than the optimal one, as the reboiler energy demand would be massive. The
cost of the large increase in reboiler duty would be severe. However, by increasing the
L/G ratio, there was just observed a minor increase in the reboiler duty. Having a
larger L/G might change the temperature profiles profitably regarding degradation.
The maximum and average temperature in the column would be lower, meaning less
degradation. Therefore, an MEA consumption study will also be done in the next

section when the L/G is higher than the obtained optimal ones.

4.4.2 Degradation in Full Scale CO,-capture Plants

The two cases with optimal L/G concerning energy consumption in the reboiler
are here compared considering degradation. Both instances are modelled over 25
weeks, where the MEA consumption and accumulation of degradation products are
compared. The initial MEA concentration is 4.91 mol/L. Both the simplified model

and the advanced model are used in both cases, seen in Figure 4.10
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Figure 4.10: MEA consumption for coal and NG with the simplified

model l’ and the advanced model(4.10b]).
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The simplified model predicts an MEA concentration of 1.7 mol/L after 25 weeks
for coal. With NG, the end concentration of MEA is 2.8 mol/L. The advanced
model predicts an MEA concentration of 2.9 mol/L for coal, and 3.5 mol/L for
NG. Both models predict more degradation for coal than NG. Table shows the
change in MEA concentration, solvent volume, amount of CO, captured, the mass
of degraded MEA and the specific MEA consumption for both cases with both
degradation models. The amount of captured CO, comes from the simulation in
ProTreat, or seen as 90% of the CO, which is sent to the absorber after 25 weeks.

The solvent volumes were assumed in Section [3.5.1]

Table 4.2: Specific MEA consumption for coal and NG measured by both

models when the L/G ratio is at an energy optimal.

Simplified model Advanced model

Coal NG Coal NG
A Cprpa [mol/L] 3.21 216 2.01 1.46
Solvent volume [m3] 3737 1903 3737 1903
CO, captured [ton] 1325234 674062 1325234 674062
MEA degraded [kg] 732733 251040 458814 169684
MEA consumption [kg MEA /tco,]  0.553 0.372  0.346 0.252

It can be seen in Table [£.2] even though the case with coal captures more CO, than
NG, that the specific MEA consumption is still larger for coal. The larger oxygen
content in the flue gas from NG does not seem to cause a significant increase in the
solvent degradation. The simplified model predicts a specific MEA consumption of
0.55 and 0.37 kg MEA /tco, for coal and NG, respectively. The advanced model
predicts a specific MEA consumption of 0.37 and 0.25 kg MEA /tco, for coal and
NG, respectively. Equation in Section in the Appendix shows how the
amount of total MEA degraded was calculated. One way to reduce degradation is
by lowering the temperatures, especially in the absorber column. If the L/G ratio is
increased, there is more liquid to absorb the heat from the heat of reaction of CO,
with the amines. In addition, the lean loading is expected to increase, resulting
in a lower temperature in the reboiler. A lower temperature in the reboiler means

less thermal degradation. However, even though the temperature is decreased, the
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higher lean loading will result in more CO,, which can react with MEA causing
thermal degradation. To investigate this, L/G ratios of 7.0 and 4.0 were chosen for
the coal and NG study, respectively. There is only a 14% larger reboiler duty when
L/G is 7.0 instead of the optimal one at 2.6 for the coal study. For NG, the reboiler
duty is 42% larger by having an L/G of 4.0 instead of 1.1. The temperature profiles
for the simulations with the increased L/G can be seen in Figure [£.11]
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Figure 4.11: Temperature profiles in the absorber column for coal (blue)

and NG (orange) for high L/G ratios.

A clear difference can be found by comparing the temperature profiles with high
L/G in Figure with the energy optimal ones in Figure . First of all, the
temperature bulges are now near the bottom of the column. This was expected as
more solvent can reach the bottom of the column before becoming saturated with
CO,. Furthermore, it can be seen that the overall temperatures are lower. That
was also expected as the same amount of CO, is reacting while the solvent flow is
larger. The average temperature in the coal simulation is now 55.4 °C, down from
63.4 °C, which was the average temperature with the optimal L/G. For NG, the
average temperature decreased from 50.1 to 46.3 °C by increasing the L/G from 1.1
to 4.0. Figure 4.12| shows the MEA consumption for both cases predicted by the
simplified model and the advanced model when the L/G ratios are
high.
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Figure 4.12: MEA consumption for coal and NG with the simplified

model (4.12a) and the advanced (4.12b)) when the L/G value is 7.0 and
4.0 for coal and NG, respectively.

It can be seen from Figure that there is still a greater degradation rate for
coal. Comparing these two figures with the MEA consumption with optimal L/G
seen in Figure [£.2] a relatively larger gap between the two cases can be seen in the
simplified model. The advanced model predicts a more similar degradation rate for
the cases with large L/G. The main reason for the more similar degradation rates
in the advanced model might be that it is more sensitive to temperature in the
absorber. For the coal study, the absorber temperature was decreased by 8 °C when
the L/G was increased from 2.6 to 7.0. This is twice the temperature decrease as
was observed for NG. The average temperature decreased by 4 °C when the L/G

ratio was increased from 1.1 to 4.0 for NG.

In addition to a lower temperature in the absorber, the reboiler temperature were
in both cases decreased to 113 °C. This temperature decrease reduces the thermal
degradation significantly. Overall, the degradation rate is lower than the cases with

optimal L/G ratio concerning energy, as expected. The specific energy consumption

can be found in Table 4.3l
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Table 4.3: Specific MEA consumption for coal and NG measured by both
models when the L/G ratio is high.

Simplified model Advanced model

Coal NG Coal NG
A Carpa [mol/L] 2.24 173 0.96 0.81
Solvent volume [m?] 3737 1903 3737 1903
CO, captured [ton] 1325234 674062 1325234 674062
MEA degraded [kg] 511293 201086 219125 94150
MEA consumption [kg MEA /tco,] 0.386 0.298  0.165 0.140

Table shows that by increasing the L /G ratio, the specific MEA consumption
reduces significantly. Increasing the L/G ratio means a lower temperature in the
absorber and lower reboiler temperature as the stripper can strip to higher lean
loading. However, the reboiler duty increases, and so does the pumps’ energy con-
sumption. Before a conclusion on which L/G is the most beneficial, an economic

study must be done.

In the last part of this chapter, a degradation study is done with the advanced
degradation model for the two cases with optimal L/G ratio concerning the reboiler

energy demand. Figure m shows the predicted accumulation of NH, (4.13a)), HEF
(4.13b)), HEI (4.13c|) and HEGly (4.13d)) for coal and NG.
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Figure 4.13: The advanced model’s prediction on NH; (4.13a)), HEF
(4.13b)), HEI (4.13c) and HEGly (4.13d)) on the coal case (blue) and the

NG case (orange).

When comparing the degradation products between coal and NG, it can be found
which compound is more dependent on oxygen and which is more dependent on

temperature in the oxidative model.

For instance, the formation of HEF, seen in Figure [4.13b] seems quite similar for
both cases. This can indicate that the formation of HEF is not as dependent on
temperature compared to other compounds. It might look like the concentration of
HEF for coal is flattening out while a linear increase is observed for NG near the
end weeks. HEF is formed from Equation where protonated MEA reacts with
formate. Formate is assumed to have the same concentration as formic acid produced
by oxidation of formaldehyde, seen in Equation 2.12] Since the concentration of
formic acid, seen in Figure [£.14a], is over twice as high for coal than it is for NG, it
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means that the formation of HEF depends less on temperature.

HEGIly and HEI, seen in Figure and [4.13d seem to be more favourable by
high temperatures, as the concentration of these products is significantly higher for
the coal case. The rapid increase in HEGly concentration with increasing tempera-
ture was also found in the oxidative degradation study by Vevelstad et al. (2014).
Léonard et al. (2014) found a considerable increase of HEI when increasing the tem-
perature in a solvent degradation experiment[56]. This behaviour was also observed
here, as the concentrations of HEGly and HEI were increasing when the fuel was
coal with a higher absorber temperature. The ammonia formation seen in Figure
seems to be somewhere in the middle. The relative concentration gap is larger
than HEF but smaller than HEI and HEGIy[15].

Figure shows the formation of formic acid (4.14a)), formaldehyde (4.14bf), HEEDA
(4.14c|) and HETA (4.14d)) for coal and NG.
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Figure 4.14: The advanced model’s prediction on formic acid (4.14a)),

formaldehyde (4.14b), HEEDA (4.14c) and HEIA (4.14d)) for coal (blue)
and NG (orange) with optimal L/G ratio.

Figure shows that the formation of formic acid is over twice as large after 25
weeks for the coal case. This indicates that the reaction in Equation strongly de-
pends on the temperature. The reason for the more similar HEF formation between
the two cases can therefore be described by Equation [2.13] which is not very affected
by temperature. More formaldehyde is produced for coal initially, but it looks like

the formaldehyde concentration is larger for NG after 25 weeks of operation.

The thermal degradation compounds HEEDA and HEIA, seen in Figure and
4.14d, show that the NG plant has the most thermal degradation. More thermal
degradation in NG can be seen even though the reboiler temperature was 1 °C
lower than for coal. This is because NG has a higher lean loading than coal. NG

had a lean loading of 0.21, while coal had a loading of 0.17. In this model, the
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most considerable portion of the volume exposed to high temperatures has a lean
loading, which is why NG has more thermal degradation than coal. It looks like
HEEDA in both cases stagnates near 0.08 mol/L while the concentration of HEIA
is continuously growing and will, after additional time, be more concentrated than
HEEDA. This trend was expected as HEIA was proposed to be an end product while
HEEDA being the intermediate in the reaction.

Overall, it looks like this model is predicting most degradation for coal-based power
plants because of a larger temperature in the absorber. This increased absorber
temperature is the result of a higher CO, concentration in the flue gas. Even though
the oxygen content of flue gases emitted by NG-based power plants is higher, the

degradation rate is still lower.

In previous pilot-scale pilot plants, the major degradation products have varied[31].
In a pilot plant at Longannet using coal flue gas, the most significant degradation
compound was HEF. Too little analytical data are available from this pilot plant
to draw any conclusions as to why HEF was so significant[31]. The large formation
of HEF is however one similarity to the advanced degradation model in this work.
From pilot plants at Tiller and Esbjerg, the results were different[31]. The most sig-
nificant degradation compound at the Esbjerg pilot plant was HEGly. The following
compound was HEPO. In the Tiller pilot plant, HEPO was the most concentrated

and HEGly was the second most concentrated.

Since the degradation rate has varied in other pilot plants[16][10][31], it is difficult
to validate the predicted degradation on the industrial-scale, which has been done in
this work. Even though the models fit quite well with the lab-scale experiment, the
industrial case study were modelled over a significant longer period. This indicates

more uncertainties.
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CHAPTER b

CONCLUSION

The degradation models were developed and implemented in Python and used to
predict solvent degradation. The model predictions were compared to both lab-scale
and pilot-scale data and were used to model degradation in two industrial cases with

natural gas and coal-based flue gases.

The simple degradation model is based on an oxidative degradation study conducted
by Vevelstad et al. (2014), an in-house thermal degradation model at NTNU and
degradation from impurities based on a study by Rao et al. (2002). The oxidative

degradation equation for this simplified model was fitted in this work.

The advanced degradation model is based on reaction rates obtained by Pinto et
al. (2014), another in-house thermal degradation model, and degradation from
impurities based on the study by Rao et al. (2002). Parameters used in this model

were fitted in previous work.

The MEA consumption of the lab-scale experiment was predicted by both models,
where the advanced model fits quite well. The simplified model over-predicted the
MEA consumption to some extent. The advanced degradation model was further
used to predict the accumulated degradation compounds in the liquid phase in the
experiment. Here it was found that the model over-predicts the compounds which

are volatile, like ammonia and formaldehyde. This over-predicting is most likely
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because the model does not include evaporation of the degradation products. This
might have caused a larger degradation rate of other compounds since both ammonia
and formaldehyde were proposed as intermediates. However, the model predicts the
concentration of HEI, formic acid, HEEDA and HEIA relatively well. The compound
that deviated the most was HEF.

The oxidative degradation model is based on a purely oxidative study. Since the
degradation products depend on each other, the reactions occurring in the desorber
will influence the reactions occurring in the absorber and vice versa. HEGly and
HEPO are primarily affected by this. HEGly is in the model proposed as an end
product, while previous studies show that it is an intermediate forming HEPO at
elevated temperatures. HEPO was not included in the model but might have been

one of the major degradation products.

The simplified model fits best when applied at the process conditions of the pilot-
scale plant. The specific MEA consumption predicted by the simplified model was
0.24 kg MEA /tco,, close to the observed MEA consumption at the pilot plant,
being below 0.3 kg MEA /tco,. The advanced model, however, predicted an MEA
consumption of 0.13 kg MEA /tco, .

In the industrial case study, two different flue gases were used for simulations and
degradation studies. The first flue gas came from a typical 400 MW coal-based power
plant, while the other from a 400 MW natural gas-based power plant. Simulations in
ProTreat were done with the flue gases with flow rates and gas compositions based
on literature while varying the Liquid-to-Gas (L/G) ratio. The optimal L/G ratio
concerning energy consumption in the reboiler was 2.6 and 1.1 for coal and natural
gas, respectively. At these L/G ratios, a specific energy consumption was calculated
to be 3.26 and 3.41 GJ/tco, for coal and natural gas, respectively. The specific
MEA consumption [kg MEA /tco,] was for both degradation models higher for coal.
Even though the oxygen content from a natural gas-based power plant is higher,
solvent degradation is still lower than for the coal-based power plant. This is mainly
because of the higher absorber temperature with the more CO,-concentrated flue

gas from coal.
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A significant decrease in solvent degradation was found by having a higher L/G
ratio than the optimal one considering energy consumption. This decrease in degra-
dation occurred because of a lower absorber temperature. In addition, the reboiler
temperature was also lower for the higher L/G ratio, which decreased the thermal

degradation.
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CHAPTER 6

FURTHER RECOMMENDATIONS

The models developed in this work should be further improved. One could start
by fitting the advanced oxidative model with the oxygen solubility model, which
includes the effect of solvent loading. Rate equations describing oxidative and ther-
mal should ideally be fit from several experiments where the absorber and desorber
are connected. By doing this, compounds like HEPO and HEGly can be modelled

more precisely.

Furthermore, the model should include the volatile emissions of MEA, NH; and
formaldehyde. Aerosol emissions is another contribution to the overall solvent loss
which should be included. The effect of dissolved metals should be further investi-

gated and be included in the model.

In order to estimate a more precise oxidative degradation, one should integrate over
the absorber column. This way, the correct temperature in each section is used
to calculate the rate of reactions. This is important as the oxidative degradation
increases exponentially with the absorber temperature. The same approach can be
used on the desorber column to get a more precise rate of thermal degradation. The
contribution of dissolved oxygen in the rich solvent stream on the degradation was

not considered and should be included in the model.
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Once a new and more advanced model is developed, it should be validated on several

lab-scale and pilot-scale campaigns.

Lastly, the impact of the different degradation product should be investigated. Doing
this makes it easier to control the emissions of the worst ones and potentially reduce

them.
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APPENDIX A

APPENDIX

A.1 Fitted Parameters in the Advanced Model

Table A.1: Pre-exponential factors and activation energies for the reac-

tions in the advanced oxidative degradation model.

Pre-exponential

Value Activation energy  Value [J/mol]

factor

Ay 3.35-1022 m? /kmol day~! (m3/kmol) Ea; 1.35-10°
A, 5.20 - 10 m?/kmol day~! Eay 3.06 - 10*
Aj 4.66 - 10* m3 /kmol day~! Eaz 7.33-103
Ay 7.17-100 day~! Eay 4.60-10*
Aj 2.85 - 10%* m?/kmol day~! (m?3/kmol) Eas 1.51-10°
Ag 5.23 - 108 m?/kmol day~! (m3/kmol)? Eag 3.83-103
Ar 5.95 - 1026 day~! Eay 1.86 - 10°
Ag 7.91-10'2 m?/kmol day ! Eag 7.11-10*
Ag 8.27 - 10! m?/kmol day ! Eag 1.45-10°
Axo 1.42 102 day~! Eaio 1.59 - 10°
Ay 6.99 - 101* m?/kmol day~! (m?3/kmol) Eaj; 1.15-10°




A.1. FITTED PARAMETERS IN THE ADVANCED MODEL

Table A.2: Reference reaction rate coefficient factors and activation en-

ergies for the reactions in the advanced thermal degradation model.

Reference reaction

Value Activation energy Value [J/mol]
rate coefficient
k.1 7.23-1078 57! Eay 1.30 - 10°
Ko 3.87-1071% m3/mol s™!  Eay 1.00 - 10°
k.3 1.35-1071% m3/mol s™'  Eay 1.41-10°
K4 2.83-1071 m3/mol s7! Eay 1.71-10°
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A.2. SOLVENT DEGRADATION RIG

A.2 Solvent Degradation Rig
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Figure A.1: Oxidative degradation compounds after 80 weeks at the SDR

campaign.

0.08 ~

0.06 A

0.04 ~

Concentration [mol/L]

0.02 A

HEEDA
HEIA
TRIMEA
TRIHEIA

0.00

Time [weeks]

Figure A.2: Thermal degradation compounds after 80 weeks at the SDR

campaign.
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A.3. CALCULATIONS

A.3 Calculations

3mgMEA/m? - 1150m®/h - 4000h = 1.38 - 10"mgM EA = 13.8kgM EA (A1)

kgMEA = ACyrpa -V - MWyga = 3.21mol /L - 3737 - 10°L - 61.08¢/mol /1000g/kg =
732733kgM EA
(A.2)
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A.4 Industrial Cases

Table A.3: Flue gas flow rate, pressure in absorber and desorber, tem-
perature of flue gas and in the condenser and flue gas composition for

the two industrial cases[11][46][47].

Coal Natural Gas

Flue gas flow rate [kmole/h] 54633 81867

Flue gas flow rate [Sm3/s] 340 509
Absorber pressure [bar] 1.0 1.0
Desorber pressure [bar] 2.0 2.0

Temperature of flue gas [°C| 40 40

Temperature in condenser [*C|] 20 20

Gas composition

N, [mol%] 709 743
CO,[mol%] 146 5.0
O, [mol%] 28 0.7
H,O[mol%] 1.7 11.0
Dimensions

Absorber height [m] 20.0 200
Absorber diameter [m] 14.7  18.0
Desorber height [m] 13.7  13.7
Desorber diameter [m] 11.8 144




A.4. INDUSTRIAL CASES

Table A.4: Simulation results of the coal study, showing the different L/G

ratios with respective lean and rich loading, reboiler duty, the specific

energy consumption per ton CO, captured, and reboiler temperature.

Reboiler ' GJ/ton  Reboiler

Run L/G Duty Loan fich CO,, Temperature
Loading Loading

MW] stripped  [°C]
1 20 716 0.065 0.531 8.34 126
2 2.2 388 0.108 0.528 4.41 124
3 23 325 0.125 0.526 3.70 124
4 24 287 0.147 0.525 3.28 124
5 2.5 286 0.157 0.524 3.26 123
6 2.6 286 0.170 0.522 3.26 123
7 2.7 288 0.182 0.521 3.28 123
8 2.8 288 0.192 0.519 3.29 123
9 29 289 0.201 0.518 3.30 123
10 3.0 289 0.213 0.516 3.30 122
11 3.1 292 0.218 0.514 3.33 122
12 32 294 0.226 0.512 3.35 122
13 33 29 0.231 0.509 3.36 122
14 34 297 0.237 0.507 3.38 121
15 3.6 300 0.250 0.503 3.42 121
16 3.8 303 0.254 0.498 3.47 120
17 4.4 320 0.271 0.481 3.65 120
18 5.0 340 0.279 0.466 3.88 119
19 5.2 342 0.286 0.465 3.90 119
20 6.0 334 0.322 0.479 3.81 116
21 6.5 328 0.343 0.488 3.75 114
22 7.0 328 0.360 0.494 3.74 113

VI
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Table A.5: Simulation results of the NG study, showing the different L/G
ratios with respective lean and rich loading, reboiler duty, the specific

energy consumption per ton CO, captured, and reboiler temperature.

Reboiler ' GJ/ton  Reboiler

Run L/G Duty Loan fich CO,, Temperature
Loading Loading

MW] stripped  [°C]
1 0.75 400 0.064 0.505 9.00 125
2 0.80 231 0.100 0.505 5.19 124
3 0.90 154 0.146 0.505 3.45 123
4 1.00 152 0.181 0.504 3.41 123
5 1.10 152 0.205 0.504 3.41 122
6 1.20 152 0.230 0.503 3.42 121
7 1.30 153 0.246 0.501 3.42 121
8 1.40 153 0.262 0.499 3.44 120
9 1.50 156 0.275 0.495 3.47 119
10 1.60 158 0.284 0.491 3.54 119
11 1.70 161 0.290 0.486 3.99 118
12 2.00 177 0.295 0.463 3.95 118
13 2.20 183 0.302 0.454 4.09 118
14 250 195 0.303 0.438 4.36 117
15 3.00 209 0.315 0.427 4.68 117
16 3.50 210 0.329 0.437 4.68 115
17 4.00 216 0.350 0.438 4.83 113

Table A.6: Calculated solvent volumes in the industrial cases.

Case study Absorption rate Specific volume Volume [L]

[kgco2 /h] L/kg002h_1
Coal 311430 12 3737160
NG 158566 12 1902792

VII
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A5, PYTHON CODE

A.5 Python Code

A.5.1 Oxygen Solubility Model by Weisenberger and Schumpe

#!/usr/bin/env python3
# —-*- coding: utf-8 -x*-

nmnn

Created on Fri Jan 22 12:43:56 2021

@author: oyvindlille-maehlum

nnnn

import math
from scipy.interpolate import LinearNDInterpolator

import numpy as np

#The ion concentrations, "expData" were determined by Bottinger et

al. (2008)

#Ion-concentration [MEAH+, MEACO0-, HCO03-]
expData = np.array([[0O, O, 0], [0.38, 0.38, 0], [0.75, 0.75, O],
(1.17, t1.17, 0], [1.53, 1.53, 0], [1.89, 1.89, 0], [2.18, 2.18,
ol,
[0.008, 0, 0], [0.63, 0.63, 0], [1.04, 1.04, 0], [1.18,
1.18, o], [1.41, 1.41, 0], [t.71, 1.71, O],[1.77, 1.77,0],
[2.14, 2.14, 0], [2.33, 2.16, 0.17], [2.42, 2.20, 0.22],[2.49,
2.09, 0.39],
(o, o, ol, [(o.64, 0.64, 0], [1.00, 1.00, O], [1.31, 1.31,
o], [1.99, 1.80, 0.18], [2.16, 1.85, 0.31],
(o, o, ol, [0.29, 0.29, o], [0.60, 0.60, O], [0.96, 0.96,
0], [1.43, 1.43, 0], [1.62, 1.43, 0.20], [2.75, 2.07, 0.68]1)

#Temperatures [K]
X = np.array([293.15, 293.15, 293.15, 293.15, 293.15, 293.15,
293.15,
313.15, 313.15, 313.15, 313.15, 313.15, 313.15,
313.15, 313.15, 313.15, 313.15, 313.15,
333.15, 333.15, 333.15, 333.15, 333.15, 333.15,
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A.5. PYTHON CODE

353.15, 353.15, 353.15, 353.15, 353.15, 353.15,
353.15])

#Loading

o

y = np.array([0.0, .075, 0.15, 0.235, 0.309, 0.388, 0.474,

0.0, 0.13, 0.21, 0.24, 0.28, 0.34, 0.35, 0.46, 0.47,

0.0, 0.13, 0.20, 0.28, 0.42, 0.49,
0.0, 0.06, 0.14, 0.25, 0.34, 0.40, 0.51])

#Interpolate to ion concentration based on loading and temperature

+ my_interpolating = LinearNDInterpolator ((x, y), expData)

; #Solubility of 02 in pure water, equation by Xing et al. (2014)
7 def 02so0lubility (T, p_o02):

02s0l = (55.56*p_02)/(math.e**x(3.71814 + (5596.17/T) -
(1049668/T**2))-p_02)

return o2sol #mol/L

h_meah = 0.0133 #m3kmol " -1 ion-specific parameter
(Buvik et al. 2020)

h_meacoo = 0.1284 #m3kmol " -1 ion-specific parameter
(Buvik et al. 2020)

h_hco3 = 0.0967 #m3kmol " -1 ion-specific parameter
(Buvik et al. 2020)

h_GO_o2 = 0 #m3kmol " -1 gas-specific parameter
(Buvik et al. 2020)

5 h_T_o2 = -0.000334 #m3kmol "-1 K~ -1 gas specific parameter

(temperature dependency) (Buvik et al. 2020)

s T_ref = 298.15 #K

def o2inloadedmea (myTemp, myAlpha, p_o2):
ion_cons = my_interpolating(myTemp, myAlpha)
h_ G_o2 = (h_GO0_02+h_T_o02)*(myTemp-T_ref)
c_G_0 = 02solubility(myTemp, p_o02)
logCO_logC

(h_meah+h_G_o2)*ion_cons [0] + (h_meacoo+h_G_o02)*
ion_cons[1] + (h_hco3+h_G_o2)*ion_cons [2]

CO_C = 10**(logC0_logC)

IX
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return c¢_G_0/CO_C #Dissolved 02 in MEA (temperature = myTemp,

loading = myAlpha, partial pressure 02 = p_o2 [bar])

Listing A.1: Oxygen solubility model by Weisenberger and Schumpe
(1996).
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A.5.2 Rooney’s Oxygen Solubility Model

#!/usr/bin/env python3
# -x- coding: utf-8 -*-

nnn

Created on Tue May 25 10:59:48 2021

Qauthor: oyvindlille-maehlum

nnn

import math

pp02 = 0.12

rholiq = 1090.8

Mw02 = 32

P=1.0

def Rooney02(myTemp, myO02InFlueGas):
x1 = 1/math.exp(3.71814 + (5596.17/myTemnp)
*%2)))
ppml = x1%(32/18) *1000000%pp02
Cl = ppml*rholigq*10**(-6)/MW02
H = pp02*P/C1
C_02 = my02InFlueGas*P/H

return C_02

-(1049668/ (myTemp

Listing A.2: Oxygen solubility model by Rooney (1998).
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A.5.3 Optimisation of Equation

Created on Wed Feb 24 12:52:35 2021

@author: Oyvind Lille-Maehlum, Lucas Braakhuis
nnn

import matplotlib.pyplot as plt

from scipy.optimize import minimize

import numpy as np

import math

# The degradation model
def deg_fun(b,X):
yO,t,T,co2 = X.T

R = 8.314 #Gas constant
A = 10*xDb[0] #Pre-exponential factor
EA = 10*xxb[1] #Activation energy

n = b[2] #Reaction order of 02

kr = A * np.exp(-EA/(RxT))
R

krx(co2**x(n) ) #*xy0**(s)
yt = yO-R*t

return yt

# The objective function to minimize by the optimization

def obj_fun(b,*args):

X,Y = args

yhat = deg_fun(b,X)
eps = yhat-Y

RSS = np.sum(eps**2)

#print (RSS)

return RSS

## Fitting the objective function

#Y: Each row contains 5 intervals for each experiment.

are concentration [mol/L] of MEA after "time" seconds.

Y = np.array([5.33, 5.03, 4.93, 4.59, 4.49,

These
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4.94, 4.79, 4.72, 4.48, 4.17,
4.62, 4.55, 4.44, 4.26, 4.03,
4.86, 4.71, 4.67, 4.42, 4.05,
4.66, 4.52, 4.37, 4.04, 3.72,
4.00, 3.58, 3.37, 2.69, 2.36,
4.95, 4.72, 4.79, 4.43, 3.47,
4.68, 4.16, 3.42, 2.72, 1.95,
4.17, 3.44, 3.14, 2.06, 1.58])
; #y0: Each row contains 5 intervals for each experiment. These

are initial concentration [mol/L] of MEA.
7 y0 = np.array([5.46, 5.33, 5.03, 4.93, 4.66,

.02, .9, 4.79, 4.64, 4.35,

.91, .62, 4.51, .26,

.91, .86, 4.96, .67, .46,

5

4

4
4.78, .66, 4.52, .21, .86,
4

5

4

5

S N N N N N SN

4 4

4 4

4 3
.58, 3.37, 2.69,

4 3

2 2

3 2

.48, 4.00, 3

.28, 4.95, 4.91, 4.79, 3.78,

.94, 4.68, 3.77, 2.99, 2.24,

.43, 4.17, 3.44, 3.16, .061)
#time: Seconds per interval

s time = np.array([345600, 604800, 604800, 604800, 604800,
86400, 172800, 172800, 259200, 345600,
172800, 86400, 259200, 345600, 604800,
172800, 345600, 604800, 604800, 604800,
86400, 172800, 172800, 259200, 345600,
345600, 259200, 345600, 604800, 604800,
172800, 259200, 172800, 259200, 518400,
86400, 172800, 172800, 172800, 259200,
172800, 345600, 259200, 604800, 604800])

g #T: Temperature of the solution for each interval

T = np.array([328.15, 328.15, 328.15, 328.15, 328.15,
328.15, 328.15, 328.15, 328.15, 328.15,
328.15, 328.15, 328.15, 328.15, 328.15,
338.15, 338.15, 338.15, 338.15, 338.15,
338.15, 338.15, 338.15, 338.15, 338.15,
338.15, 338.15, 338.15, 338.15, 338.15,
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75 348.15, 348.15, 348.15, 348.15, 348.15,
76 348.15, 348.15, 348.15, 348.15, 348.15,
77 348.15, 348.15, 348.15, 348.15, 348.15])

79 #co02: Oxygen solubility [mol/L] for each interval. These were
calculated by o2sol.py, by the Schumpe model.
s0 co2 = np.array([0.0000265756, 0.0000265756, 0.0000265756,
0.0000265756, 0.0000265756,
81 0.000110017, 0.000110017, 0.000110017, 0.000110017,
0.000110017,
82 0.000256709, 0.000256709, 0.000256709, 0.000256709,
0.000256709,
83 0.0000258572, 0.0000258572, 0.0000258572,
0.0000258572, 0.0000258572,
84 0.000107041, 0.000107041, 0.000107041, 0.000107041,
0.000107041,
85 0.000249764, 0.000249764, 0.000249764, 0.000249764,
0.000249764 ,
86 0.0000278957, 0.0000278957, 0.0000278957,
0.0000278957, 0.0000278957,
87 0.00011548, 0.00011548, 0.00011548, 0.00011548,
0.00011548,
88 0.000269456, 0.000269456, 0.000269456, 0.000269456,
0.0002694561)
s0 X = np.column_stack ((y0,time,T,co02))
90

91

92 b0 [2.88,4.7652, 0.24] # Initial guess for A, Ea and n

93 s0l = minimize (obj_fun,b0,method="'Nelder -Mead',args=(X,Y))

95 bopt = sol.x

97 print (sol)

98 print (bopt)
99 print (10**bopt)

102 #Evaluating and plotting

103 yhat = deg_fun (bopt,X)
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5 plt.xlabel('Time [s]')
; plt.ylabel ('MEA Concentration [mol/L]')
7 plt.plot (X[:,1],Y, 'bx")

plt.plot(X[:,1],yhat,'r.")

o print (obj_fun(b0, X,Y))

Listing A.3: Nelder-Mead method to optimise the parameters in the

simplified oxidative degradation equation.
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A.5.4 Simple Degradation Model

#!/usr/bin/env python3
# —-*- coding: utf-8 -x*-

Created on Thu May 13 15:28:40 2021

Qauthor: oyvindlille-maehlum

#Simplified model for MEA consumption, only
import numpy as np

import math

from scipy.integrate import odeint

import matplotlib.pyplot as plt

from o02sol import o2inloadedmea

R = 8.314 #J/K mol
vV = 3000 #L
T_desorber = 393.15 #K
 T_absorber = 313.15 #K
Tr = 400 #K, reference temperature for the

thermal degradation

a_rich = 0.50 #Rich loading [mol C02/mol MEA]
a_lean = 0.2 #Lean loading [mol C02/mol MEA]
02_in_fluegas = 0.05 #molY,

02s0l = o02inloadedmea(T_absorber, a_rich, o2_in_fluegas) #oxygen

solubility calculated by the Schumpe model

Cnox = 130 #ppm
Csox =1 #ppm

5 flow_rate = 1150 #Sm3/h

; yO = 4.911 #mol/L, initial MEA concentration
t = np.linspace (0, 14400000) #[s] Duration of model

def co2sol(loading, MEA):

return loading*MEA #mol/L

def func_thermal (T_desorber):
#From a in-house model
kr = 3.34*%10**x(-11)
Ea = 1.39%10%*(5)
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36 return kr*math.ex*((-Ea/R)*((1/(T_desorber)) - (1/Tr)))

38 def func_oxidative(o2so0l, T_absorber):
39 #Parameters found by Nelder-Mead on oxidative study by

Vevelstad et al. (2014)

40 EO = 10%%x(4.71760454) #Activation energy

41 A = 10%*(2.88018259) #Pre-exponential factor

42 n = 0.23618788 #Reaction order of 02

43 rmea_oxidative= Axmath.ex*(-EO0/(R*T_absorber))*(o2sol**(n)) #
mol/Ls

44 return rmea_oxidative

17 def func_NOx(flow_rate, Cnox):

3

48 #Concentration of NOx is multiplied with 5%, as 5% is NO2

49 #Flowrate is multiplied with 1000L/m3 and is divided by 60min/h
, 60 s/min and 22.4 L/mol

50 return (Cnox*0.05/1000000) *(flow_rate*x1000/(60*x60%*22.4))*0.25%2
#mol MEA/s

51

50 def func_SO0x(flow_rate, Csox):

53 #Flowrate is multiplied with 1000L/m3 and is divided by 60min/h
, 60 s/min and 22.4 L/mol

54 return (Csox/1000000)*(flow_rate*x1000/(60*x60%22.4))*0.995%2 #
mol MEA/s

56 def model(y, t):

58 #Rate of reactions

59 #Desorber packing, sump and reboiler

60 R1 = np.zeros (1)

61 #Hot rich piping
62 R2 = np.zeros (1)
63 #Hot lean piping and HEX
64 R3 = np.zeros (1)

66 #For oxidative (R[0]) and impurities (R[1])

67 R = np.zeros(2)
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69 #Rate constats

70 #Desorber packing, sump and reboiler

71 k1 = np.zeros (1)
72 #Hot rich piping
73 k2 = np.zeros (1)
74 #Hot lean piping and HEX
75 k3 = np.zeros (1)

77 for i in range(1):

78 #Volumel, a = 0.2

79 k1[i] = (func_thermal (T_desorber))

80 #Volume2, a = 0.5, temperature assumed 10 degrees lower

81 #in hot rich piping

82 k2[i] = (func_thermal (T_desorber -10))

83 #Volume3, a = 0.2, temperature assumed 10 degrees lower

84 #in lean rich piping and HEX

85 k3[i] = (func_thermal (T_desorber -10))

86

87

88 #The rate of reactions for thermal degradation below is

89 #multiplied with 1000 because it is based on concentrations

90 #0of mol/m3 for MEA and C02, and input concentration has [mol/L
1.

91 #Further , divided by 1000 such that Ri [mol/m3s]--> mol/Ls

92 #R1: Rate of reactions in the desorber packing, sump and
reboiler.

93 R1[0] = (k1[0]*y[0]l*co2so0l(a_lean, y[0]))*1000

94 #R2: Rate of reactions in hot rich piping.

95 R2[0] = (k2[0]*y[0]l*co2sol(a_rich, y[0]))=*1000

96 #R3: Rate of reactions in lean rich piping and HEX.
97 R3[0] = (k3[0]*y[0]l*co2so0l(a_lean, y[0]))*1000
98

99

100 #0xidative

101 R[0] = func_oxidative (o2so0l, T_absorber)

102 #Impurities

103 R[1] = func_NOx(flow_rate, Cnox) + func_SOx(flow_rate, Csox)
104

105
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y

#####Volumes for the SDR#####

#Volume exposed to oxidative degradation

#V_oxidative = 0.44*xVx(6/16)+0.60*V*(10/16) #L

#Volume exposed to thermal degradation in desorber packing,
sump and reboiler.

#V_thermall = 0.095%xVx(6/16)

#Volume exposed to thermal degradation in hot rich piping.
#V_thermal2 = 0.029*xV*x(6/16) #L

#Volume exposed to thermal degradation in hot lean piping and
HEX .

#V_thermal3 = 0.229*xV*x(6/16) #L

#####Volumes for base case and pilot plant#####

#Volume exposed to oxidative degradation

V_oxidative = 0.44%V #L

#Volume exposed to thermal degradation in desorber packing,
sump and reboiler.

V_thermall= 0.095%*V #L

#Volume exposed to thermal degradation in hot rich piping.
V_thermal2 = 0.029%V #L

#Volume exposed to thermal degradation in hot lean piping and
HEX .

V_thermal3 = 0.229%V #L

#Returns new MEA concentration
dydt = [#Thermal
(-(R1[0]*V_thermall) -(R2[0]*V_thermal2) -(R3[0]*V_thermal3

#0xidative
-(R[0]*V_oxidative)
#Impurities
- R[1])/V]

return dydt

odeint (model, yO, t)
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plt.
plt.
2 plt
plt.
plt.
axes

plt.

plot (t/(3600%24%7) ,y[:,0], label = "Simplified model")

legend (loc=2, prop={'size': 8})

.legend ()

xlabel ('Time [weeks]')
ylabel (' [MEA] [mol/L]")
= plt.gca()

show ()

Listing A.4: The simplified model in Python.
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A.5.5 Advanced Degradation Model

#!/usr/bin/env python3
# —-*- coding: utf-8 -x*-

Created on Fri May 14 11:16:14 2021

Qauthor: oyvindlille-maehlum

import numpy as np

import math

from scipy.integrate import odeint
import matplotlib.pyplot as plt

from Rooney import Rooney02

R = 8.314 #J/K mol
T_absorber = 336.55 #K
r T_desorber = 396.15 #K
Tr = 400 #K, reference temperature for thermal
model
02_fluegas = 0.028 #molY, 02 in flue gas,
v = 4.0909 #L, total solvent volume
a_rich = 0.500 #mol C02/mol MEA
a_lean = 0.200 #mol C02/mol MEA
Nox_inFlueGas = 10 #ppm
Sox_inFlueGas = 1 #ppm
5 flowrate = 1%x60/1000 #Sm3/h
COMEA = 6.787 #mol/L
» COH20 = 38 #mol/L
02so0l = Rooney02(T_absorber, 02_fluegas) #0xygen solubility

calculated from the oxygen solubility model by Rooney (1998)

####Change time if the model does not converge####

time = 159 #Run time [days] If the model doesn't

converge, change this variable, and adjust plots

#####Volumes for the SDR#####

#Volume exposed to oxidative degradation

4+ #V_oxidative = 0.44*V*(6/16)+0.60*xV*(10/16) #L

with x_1lim.
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5 #Volume exposed to thermal degradation in desorber packing, sump

and reboiler.
#V_thermall = 0.095*xVx(6/16)
#Volume exposed to thermal degradation in hot rich piping.
#V_thermal2 = 0.029%Vx*(6/16) #L
#Volume exposed to thermal degradation in hot lean piping and HEX.
#V_thermal3d = 0.229%Vx(6/16) #L

#####Volumes for base case and pilot plant#####

4 #Volume exposed to oxidative degradation

V_absorber = 0.44%xV #L

; #Volume exposed to thermal degradation in desorber packing, sump

and reboiler.
V_thermall= 0.095x%V #L
#Volume exposed to thermal degradation in hot rich piping.
V_thermal2 = 0.029%V #L
#Volume exposed to thermal degradation in hot lean piping and HEX.
V_thermal3 = 0.229%V #L

#Thermal degradation equation
def func(kr, Ea, T, t):
return kr*math.ex*x((-Ea/R)*((1/(T)) - (1/Tr)))

#Degradation from NOx

def funcnox(Nox_inFlueGas, flowrate):
return (Nox_inFlueGas*0.05/1000000) *(flowrate*1000)
/ (60*x60%22.4) x0.25%2

#Degradation from SO0x

def funcsox(Sox_inFlueGas, flowrate):
return (Sox_inFlueGas/1000000)*(flowrate*1000) /(60%60%22.4)
*x0.995%2

5 def model(y, t):

###Degradation from impurities
#Mol/s MEA degraded from NOx
NOxDegradation = funcnox(Nox_inFlueGas, flowrate)

#Mol/s MEA degraded from SOx
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SO0xDegradation =

funcsox (Sox_inFlueGas, flowrate)

#Lists of R_0 and kr for oxidative degradation

R_0 =

kr

np.zeros (8)

np

[3

co N o0 o0 N N PO,

[

.zeros (11)

#Rate of reaction

#Reaction constants

#0xidative degradation

#Pre-exponential factor and activation emnergy
#UNITS: See Table A.1
.35%x10x%(22) , #A1
.20%10%%(3) , #A2
.66x10%x*x(4) , #A3
.17x10%%(10) , #A-3
.85%x10%%(23), #A4
.23%x10%%(8) , #A5
.95%10%%(26) , #A-5
.91%x10%x%x(12), #A6
L27x10%xx(21) , #AT
L42%10%%(26) , #A-T
.99%10%x*x(14)] #A8
#UNIT [J/mol]
.35%10**(5) , #Eal
.06%10xx(4) , #Ea2
.33%10**(3), #Ea3
.60%10%*(4) , #Ea-3
.51%x10*x*x(5) , #Ead
.83%10*%(3) , #Eab
.86%10**(5) , #Ea-5
.11x10%x%x(4) , #Ea6
.45%x10*x*x(5) , #Ea’7
.59%10**(5) , #Ea-7
.15%10%*(5)] #Ea8

#Reaction rates for the oxidative degradation reactions

kr [0]
kr [1]
kr [2]
kr [3]

A[O0] *math
A[1]*math
A[2] *math
A[3]*math

.ex*x(-Ea[0]/(R*T_absorber))
.ex*x(-Ea[1]/(R*T_absorber))
.ex*x(-Ea[2]/(R*T_absorber))
.ex*x(-Ea[3]/(R*T_absorber))

XXIII



109

110

111

112

113

114

116

117

118

119

128

129

130

131

139

140

141

A.5. PYTHON CODE

kr [4] = A[4]*math.e**x(-Ea[4]/(R*xT_absorber))
kr [5] = A[5]*math.ex*x(-Ea[5]/(R*T_absorber))
kr [6] = A[6]*math.ex*x(-Ea[6]/(R*T_absorber))
kr [7] = A[7]*math.e**x(-Ea[7]/(R*T_absorber))
kr [8] = A[8]*math.ex*x(-Ea[8]/(R*T_absorber))
kr [9] = A[9]*math.e**(-Ea[9]/(R*T_absorber))
kr [10] = A[10]*math.ex*x(-Ea[10]/(R*T_absorber))

#Thermal degradation

#Divided into three parts as the loading and temperature varies

#Rate of reactions

R_T1 = np.zeros(4) #Desorber packing, sump and reboiler
R_T2 = np.zeros(4) #Hot rich piping
R_T3 = np.zeros (4) #Hot lean piping and HEX

#Rate coefficients

k_T1 = np.zeros(4) #Desorber packing, sump and reboiler
k_T2 = np.zeros(4) #Hot rich piping
k_T3 = np.zeros(4) #Hot lean piping and HEX

#Reaction rates, See table A.2 for units. These are multiplied
with 86400 s/day to get a reaction rate per day

kr_T = [7.23%10%*%(-8)*86400, 3.87+10%*(-10)*86400,
1.35%x10*%*x(-10) *86400, 2.83*10**x(-10) *86400]

#Activation energy [J/mol]

Ea_T = [1.30%10%*(5), 1.00%10%*(5), 1.41%10*%(5), 1.71%10%*(5)]

#Set the concentration low if they get unreasonable values
for element in range(len(y)):
if ylelement]<O0:
ylelement] = 1%x10**x(-19)
if y[element]>10:
ylelement] = 1*%10*x(-19)

#Rate of reactions, oxidative

#These reactions are found in the Method Section describing
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oxidative degradation in the advanced model

#Units: [mol/Lday]

R_0[0] = kr[0])*(a_rich**(2))*y[1]**(2.639) x(y[0]**(0.998))
R_O[1] = kr[11*x(y[2])**(0.936) *x(y[0]1**(0.107))
R_0[2] = kr[2]*((a_rich*y[1])**(0.657))*((y[4])**x(0.649)) - kr

[31*((y[5])*%(0.822))

R_0[3] = kr[4]*(y[1]l*a_rich**(2)**x(0.598))*(y[0]**(0.785))
R_0[4] = kr[5]1*x((y[1])**x(0.754))*((y[2])*%x(0.290))*((y[3])
*%x(0.961))*((y[7]1)**%(1.169)) - kr[6]1*((y[8])**(0.643))

R_0[5] kr [71*((y[7])*%(0.373))*(y[0]**(0.565))

R_0[6] kr [8]*((y[1l*a_rich)**x(0.075))*((y[9])**(0.230)) - kr
[91*((y[10]) **(1.093))

R_0[7] = kr[10]*((a_rich**(2))*y[1]1*%x(2.972))*(y[0]**(0.296))

#Calculates reaction constants for the thermal degradation
#Thermal degradation occur in three locations, which has been
described, where the latter two have a temperature 10 degrees
less than the stripping temperature.

for i in range(len(kr_T)):

k_T1[i] = (func(kr_T[i]l], Ea_T[i], T_desorber, t))
k_T2[i] = (func(kr_T[i]l, Ea_T[i], T_desorber-10, t))
k_T3[i] = (func(kr_T[i]l, Ea_T[i], T_desorber-10, t))

#The C02 concentration, y[12] is multiplied with a_lean/a_rich
for the parts where it is assumed to be a lean loading. As the

initial CO02 concentration was set to (a_rich *x [MEA])

#Rate of reactions, thermal

#A11 concentrations y[i] are multiplied with 1000 to get unit [
mol/m3]

#A11 reactions are divided by 1000 in order to get unit [mol/Lx*
day]

ycar = min(y[12]*(a_lean/a_rich), y[1]/2) #Min of CO02

concentration or MEA/2

R_T1[0] = (k_T1[0]*ycar=*1000)/(1000)

R_T1[1] = (k_T1[1]1*y[14]1*1000*y[12]*(a_lean/a_rich)*1000)
/(1000)

R_T1[2] = (k_T1[2]*y[14]*1000*ycar*1000) /(1000)

R_T1[3] = (k_T1[3]*y[16]*1000*y[12]*(a_lean/a_rich)*1000)
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/(1000)

173 ycar = min(y[12], y[1]1/2) #Min of CO2 concentration or MEA/2

174 R_T2[0] = (k_T2[0]*ycar*1000)/(1000)

175 R_T2[1] = (k_T2[1]*y[14]1*1000*y [12]%1000) /(1000)

176 R_T2[2] = (k_T2[2]*y[14]1*1000*ycar=*1000) /(1000)

177 R_T2[3] = (k_T2[3]*y[16]1*1000*y [12]1%1000) /(1000)

179 ycar = min(y[12]*(a_lean/a_rich), y[1]/2) #Min of CO02

concentration or MEA/2

180 R_T3[0] = (k_T3[0]*ycar*1000)/(1000)

181 R_T3[1] = (k_T3[1]1*y[14]1*1000*y[12]*(a_lean/a_rich)*1000)
/(1000)

182 R_T3[2] = (k_T3[2]*y[14]1*1000*ycar*1000)/(1000)

183 R_T3[3] = (k_T3[3]*y[16]1%1000*y[12]*(a_lean/a_rich)*1000)
/(1000)

184

185 dydt = [

186 #02

187 0,

188 #MEA_Oxidative

189 ((-R_0[0] - R_O[2] - 2%R_0[3] -2*R_0[7] - R_0[4] - 2xR_0O

[6])*V_absorber +

190 #MEA_Thermal

191 (-2%R_T1[0]-R_T1[2])*V_thermall + (-2%*R_T2[0]-R_T2[2])*
V_thermal2 + (-2*xR_T3[0]-R_T3[2])*V_thermal3

192 #MEA_impurities

193 #Multiplied with seconds per day

194 -(NOxDegradation*3600*24 + SOxDegradation*3600%24))/V,

195 #Formaldehyde

196 (2x*R_0[0] - R_0[1] - R_0[4])=*V_absorber/V,

197 #NH3

198 (R_0[0] + 2xR_0[3] + R_0([7] - R_0[4])*V_absorber/V,
199 #Formic Acid/ Formate

200 (R_0[1] - R_0[2])*V_absorber/V,

201 #HEF

202 R_0[2]*V_absorber/V,
203 #H20
204 (R_0[2] + 2*R_0[3] + R_O[7] + 3*xR_0[4] + 2*R_0[6])*
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V_absorber/V,

205 #Glyoxal

206 (2xR_0[3] - R_O[5] - R_0[4])*V_absorber/V,
207 #HET

208 R_0[4]*V_absorber/V,

209 #0xalic acid

210 (R_O[5] - R_0[6])*V_absorber/V,

211 #BHEOX

212 R_0[6]*V_absorber/V,

213 #HEGly

214 R_0[7]*V_absorber/V,

215 #C02

216 ((-R_T1[1]-R_T1[3])*V_thermall +(-R_T2[1]-R_T2[3])*

V_thermal2 +(-R_T3[1]-R_T3[3])*V_thermal3)/V,

217 #0ZD

218 0,

219 #HEEDA

220 (C(R_T1[0]-R_T1[1]1-R_T1[2])*V_thermall + (R_T2[0]-R_T2([1]-

R_T2[2])*V_thermal2 + (R_T3[0]-R_T3[1]-R_T3[2])*V_thermal3)/V,

221 #HETA

222 (R_T1[1]*V_thermall + R_T2[1]1*V_thermal2 + R_T3[1]=*
V_thermal3)/V,

223 #TRIMEA

224 ((R_T1[2]-R_T1[3])*V_thermall + (R_T2[2]-R_T2[3])*
V_thermal2+ (R_T3[2]-R_T3[3])*V_thermal3)/V,

225 #TRIHETA

226 (R_T1[3]*V_thermall + R_T2[3]*V_thermal2 +R_T3[3]x*
V_thermal3)/V,

227 #AEHETA

228 0,

229 #MEA Urea

230 0]

231 return dydt

234 t = np.linspace(0,time)
235
236 #Initial concentration of the compounds, dydt in function "model"

to see which is which
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1 plt.

[02s01, COMEA, 0, O,

0]

yo = 0,

60, 0, 0 ,0 ,0 ,0,

y = odeint (model, yO, t)

label

# plt.plot(t,y[:,0],
label

plt.plot (t/7,y[:,1],
.plot(t/7,y[:,2],
.plot (t/7,y[:,3],
.plot(t/7,y[:,4],
.plot(t/7,y[:,5],

plt label

plt label
plt label
plt label

plt.plot(t,y[:,6], label =
57 ¢
,81,
.plot (t/7,y[:,9],
.plot(t/7,y[:,10],
.plot(t/7,y[:,11],

label =

plt.plot(t/7,yL[: label

plt.plot(t/7,yL[: label

plt label
plt label
plt label
plt.plot(t,y[:,12],

plt.plot(t/7,y[:,13], label

plt.plot(t/7,y[:,14], label

plt.plot(t/7,y[:,15], label
.plot(t/7,y[:,16],
.plot (t/7,y[:,171,
.plot(t/7,y[:,18],

.plot (t/7,y[:,19],

plt label

plt label

plt label

# O # O # O H OH O OH OH OHF OH H OH OH OH OH O H OH O H

plt label

plt.legend (loc=2, prop={'size

plt.legend ()
plt.xlabel ('Time [weeks]')
ylabel (' [MEA] [mol/L]")
axes = plt.gca()

plt.show ()

0, COH20, O,

"g2")

"MEA")

= "Formaldehyde")
= "NH3")

= "Formic acid")
= "HEF")

"H20")

"Glyoxal")
"HET ll)

"Oxalic acid")

"BHEOX")

"HEGly")
HCuPLD)

= tpZDY)

= "HEEDA")

= "HEIA")

= "TRIMEA")
= "TRIHEIA")
= "AEHEIA")
= "MEAUREA")

": 8})

0, 0, a_rich*xCOMEA,

Listing A.5: The advanced model in Python.
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