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Abstract: 43 
Undesired aerosol formation in gas–liquid contact devices has been a well-known phenomenon 44 
in the chemical industry for several decades and can cause severe problems in industrial gas 45 
cleaning processes. Several studies indicate that aerosols can govern the total amine emissions 46 
from amine based CO2 capture (PCCC) plants. Despite the importance of aerosol formation 47 

and mitigation for the design of a PCCC plant, very little knowledge is available on the 48 
characterization and growth of these aerosols. 49 

 50 
Four different atmospheric flue gases were modelled in this work, ranging from 4-20% in CO2 51 
content and representing natural gas, oil and coal fired power plants, and gas from the cement 52 
industry. Inlet droplets of size 0.15µ were tested in number concentrations from 1 – 107 53 
droplets/cm3. For 20% CO2, the effect of intercooling was studied.  54 

The findings are: 55 
Aerosol droplets grow from their initial size regardless of their initial composition and type of 56 
flue gas processed. The initial composition of the droplets has a significant effect on emissions. 57 
With increasing CO2 concentration, more carbamate is formed relative to free MEA. This leads 58 

to less effective water wash and significantly higher final emissions. 59 
With low droplet number concentration no visible depletion of MEA in the absorber and water 60 

wash sections was found for any of the CO2 concentrations. At 107 droplets/cm3, gas phase 61 

MEA partial pressure changes are clearly seen, first in the water wash, and then, at higher 62 

contents, the effect starts lower and lower down in the absorber.  63 
The carry-over of amine into the water wash increases with increasing gas phase CO2 content. 64 
However, the effect on the gas phase MEA content in the water wash goes through a maximum 65 

caused by strong carbamate formation at high CO2 concentrations. 66 
The droplet temperature profiles are unaffected by number concentration and initial 67 

composition of aerosol droplets.  68 
 69 
It is found that the water wash section reduces significantly the aerosol-based, and thereby the 70 
total, amine emissions. The effect of the water wash is reduced when the flue gas CO2 content 71 

increases. 72 

  73 

Intercooling lowers the partial pressure of MEA in both absorber and water wash significantly. 74 
This reduces the droplet growth and MEA content. The combined effect is a strong reduction 75 
in MEA emissions; in the case of 20% CO2 in the flue gas, by a factor of 5-10. 76 
 77 
Keywords: 78 
Aerosol growth, Amine emission, Absorption columns, Post-combustion CO2 capture, Flue gas 79 
CO2 content, Internal droplet profiles   80 
 81 

Introduction: 82 
Worldwide energy consumption is increasing on an average of 2% yearly. In order to meet 83 
these demands, energy production from fossil fuels will remain important for decades to come. 84 

The contribution from renewable energies is expected to grow steadily as well but still, fossil 85 
energies will be important. Energy from nuclear sources is predicted to grow only moderately 86 
(IEA, 2016).  87 



The most significant global challenge today and in the forthcoming years is to reduce the global 88 

CO2 emissions, as this is one of the key drivers of global climate change. Carbon dioxide 89 
capture, transport and storage has gained increased interest as an intermediate solution towards 90 
a sustainable energy system in the long run (IPCC, 2005). Emission reduction targets of 80–91 
90% of CO2 from emission sources are usually conferred in the context of targets that can be 92 

attained by CCS technologies (MacDowell et al., 2010).  93 
CO2 is produced in large quantities by fossil fuel-fired power plants, in steel production, cement 94 
production, in the production of petrochemicals and in natural gas purification. Carbon dioxide 95 
capture by absorption processes is one of the most mature industrial technologies to date for 96 
CO2 emissions mitigation. 30wt% aqueous Monoethanolamine (MEA) solution can be 97 

considered as a base case solvent for a typical PCCC plants (Abu-Zahra, 2009; Rochelle, 2009).  98 
The CO2 content in flue gases varies depending upon the source. Flue gas from coal-fired power 99 
plants typically contains around 12-14% CO2 while those from a natural gas turbine are at 100 

around 3-4%, (Global CCS Institute, 2013).  101 
Cement plant flue gas has normally higher flue gas CO2 content, typically around 20-25%, 102 
whereas in steel plants the flue gas CO2 content may be even higher. Amine-based PCCC plants 103 
developed for CO2 capture from coal or natural gas-fired power plants have been shown also 104 

to be suitable for use in cement plants (IEAGHG, 2008). Aker solutions operated its mobile 105 
test unit at Norcem cement plant in Brevik and successfully tested the technology (Knudsen et 106 
al., 2014)  107 
 108 

Studies show that amine based PCCC plants have amine emissions to the air, while possibly 109 
also forming other compounds in the atmosphere (Knudsen and Randall, 2009). Amines are 110 
volatile and will be emitted via the exiting gas. The formation of aerosol in gas-liquid contact 111 

devices has, in some cases, been found to be a major contributor to these emissions (IEAGHG, 112 

2010; Mertens et al., 2012).  113 
 114 
The issue of aerosol based emissions has only been reported recently so little information is 115 

available in this area. There are studies that deal with the prediction and measurement of amine 116 
emission based on aerosols as well as demonstrating emissions reduction methods. Most of 117 

these studies are experimental investigations that do not deal with the inner characterization of 118 
droplets. For details see (Fulk, 2016; Khakharia et al., 2014a; Mertens et al., 2012; Moser et 119 
al., 2014; Saha and Irvin, 2017). Some current studies, however, show modelling results for 120 

aerosol droplets in absorption columns (Kang et al., 2017; Zhang et al., 2017). 121 
 122 

Scope of work: 123 

 124 

In order to understand the mechanism of aerosol formation and growth, numerical models are 125 
required that can predict the development of droplet composition and size as function of 126 
operational and solvent characteristics. This can provide an improved understanding of the 127 
governing processes and help in designing appropriate countermeasures to reduce the total 128 
emissions. A basic simulation tool for the description of single and multiple aerosol droplets 129 

behaviour in CO2 absorption columns is already established and described in (Majeed et al., 130 
2017b, 2017a).  131 
The main theme of the current work is to investigate how aerosol droplet growth, composition 132 
change, and resulting emissions, vary with the source of CO2. It will thereby provide an aid in 133 
designing mitigation units, like setting targets for cut size or separation efficiency in demisting 134 

equipment. 135 

 136 
 137 



The work covers a broad range of emissions exemplifying most of the large CO2 emitting 138 

sources. Although CO2 and water content along with temperature for a given emission source 139 
varies over time, in order to simplify the model work, one single concentration of CO2 will be 140 
used for each case.  141 
For each flue gas case, a separate simulation is performed in CO2SIM(Luo et al., 2009; 142 

Tobiesen et al., 2012, 2007). The selected gas sources are presented in Table 1. Flue gases from 143 
combustion of respectively natural gas, fuel oil and coal and of gases from the cement industry 144 
were chosen. The volumetric CO2 contents were set to 4%, 8%, 12% and 20% respectively, in 145 
the flue at the inlet of the absorber.  146 
The inlet gas is assumed to pass through a direct contact cooler making the gas temperature the 147 

same in all cases, thus also the water content will be the same at the inlet of the absorber. In 148 
addition, we have simulated a cement flue gas case where intercooling is applied in the 149 
absorber. 150 

An absorber column of 15 m is used equipped with two water washes of 2m each. 30 wt% 151 
MEA solution with a lean loading of 0.25 is used as solvent and the absorption rate is kept at 152 
90% in all cases. The remaining parameters, e.g. column and water wash diameters, flow rates 153 
etc. are adjusted in every case in such a way that they meet the requirement of 90% CO2 154 

absorption.  155 
 156 
 157 
 158 

Table 1: Exhaust flue gas composition from different point sources 159 

 Natural Gas 

/ Flue Gas 1 

Fuel Oil / 

Flue Gas 2 

Coal / Flue 

Gas 3 

Cement industry / 

Flue Gas 4 

CO2  % 4 8 12 20 

Water % 8.5 8.5 8.5 8.5 

Inert % 87.5 83.5 79.5 71.5 

Temperature (K) 327 327 327 327 

Pressure (kPa) 109 109 109 109 

 160 
 161 

Modelling: 162 
The work started with flow sheet simulations in CO2SIM. This is a flexible tool for solving 163 

and modelling advanced chemical processes related to carbon capture technologies. It has 164 
relatively stable numerics which allows simulation of advanced process configurations for 165 

process optimization (Einbu, 2016). The flow sheet used in the current work is shown in Figure 166 
1. All four cases (Flue gas sources) were simulated without taking into account the aerosol 167 
phase. The simulations result in gas and liquid phase composition and temperature profiles 168 
along the column. Only the liquid phase profiles were used in the further modelling, 169 
considering that the liquid phase composition and temperature may not be affected by the 170 

aerosol phase. The gas phase profiles were calculated inside the aerosol model, taking into 171 
account both heat and mass transfer between the gas phase and bulk liquid and between the gas 172 
phase and the aerosol phase. Similarly, the aerosol droplet internal profiles were calculated by 173 
differential balance equations for heat and mass. These equations are coupled with a reaction 174 
rate model, vapor-liquid and chemical equilibrium model as well as models for heat and mass 175 

transfer between gas and aerosol phase and between gas and bulk liquid phase. For a detailed 176 
explanation of model and basic assumptions, see (Majeed et al., 2017b, 2017a). 177 



 178 

Figure 1: Flowsheet for absorber and water wash for PCCC plant from CO2SIM. For 179 
abbreviations explanations see Notations table. 180 

 181 

 182 

Results and Discussions: 183 
The basics of the simulations were described in the previous section and in order to present 184 

results for all flue gas sources, two aerosol cases are modelled by specifying different inlet 185 
conditions for the aerosol droplets. The liquid phase concentration and temperature profiles 186 
from CO2SIM for all flue gas sources are presented in Figure 2, and, as mentioned earlier, are 187 

used as basis for the further modelling. It is seen that the main differences between the cases 188 
are the temperature and total CO2 concentration profiles. With increasing CO2 content in the 189 

inlet gas, the temperature in the absorber section increases significantly. This will increase the 190 
amine volatility and thereby possibly affect the growth of the aerosol droplets. On the other 191 
hand, an increased gas phase CO2 content will increase the CO2 loading of the liquid phase as 192 

seen by the increased total CO2 concentration. This will lower the free amine concentration and 193 
thereby reduce the amine volatility. Thus, the two effects counteract each other. 194 



 195 

 196 
 197 

Figure 2: Liquid phase profiles throughout the column, Top row: (a) Flue gas 1, (b) Flue gas 198 
2,  Bottom row: (c) Flue gas 3, (d) Flue gas 4  199 

 200 
 201 

For detailed information about implementation of the CO2SIM model see (Majeed and 202 

Svendsen, 2017). Two different scenarios are shown in Table 2, and adopted for all four flue 203 

gas types. One, in which the inlet droplets contain 5M MEA, while in the other case the droplets 204 
enter with the flue gas as pure water droplets. The pure water droplets is an analogue to inert 205 
particles entering the absorber, on which water can start to condense by heterogeneous 206 
nucleation. The droplets have a velocity relative to the gas phase equal to the terminal velocity, 207 
which in all cases is very low. The initial size of the droplets is the same in all the cases and 208 

taken as 0.15μm. This is the typical size range reported in various literature (Khakharia et al., 209 
2015, 2014b). The aerosol droplets will undergo changes in terms of internal composition and 210 
temperature as well as growth. From the absorber section, the droplets enter straight into water 211 
wash 1 where the water is circulated at a specific rate. Subsequently they enter into water wash 212 
2, operating in a similar way, and then leave the water washes with the treated flue gas. For all 213 

cases, droplet number concentrations ranging from 1 – 107 droplets/cm3 are modelled. 214 
 215 

 216 
 217 



Table 2: Modelled Cases 218 

Case 1 

Droplet initial radius 0.15μm, containing  0.0001M MEA 

travelling from bottom to top of column (0-19m) for all flue gas 

sources i.e. 1,2,3 and 4, by varying droplet number concentration, 

cN= 1-107 droplets/cm3 

 

 

 Case 2 

Droplet initial radius 0.15μm, containing  5M MEA travelling 

from bottom to top of column (0-19m) for all flue gas sources i.e. 

1,2,3 and 4, by varying droplet number concentration, cN= 1-107 

droplets/cm3 

 
 219 

In the following, we present results first for Case 1, for 103 and 107 droplets/cm3. Results for 220 

single droplet are only shown for growth. The droplet internal profiles for 1 drop are practically 221 

identical to 103 droplets/cm3. In order to save space, concentration and temperature profile 222 

results for 105 droplets/cm3 are only given in supplementary information and discussed in the 223 
text together with the other number concentrations. 224 
  225 
 226 
Case 1: 227 

 228 

In case 1, droplets with an initial radius of 0.15μm containing 0.0001M MEA enter with the 4 229 

different gas phases. They are, in the absorber and water wash, exposed to the bulk liquid 230 

profiles as shown in Figure 2. It is, as already mentioned, assumed that the bulk liquid profiles 231 

remain unaffected by the aerosol phase for all droplet number concentrations. The predicted 232 

droplet internal free MEA profiles as function of position in the absorber and water wash for 233 

all flue gas sources are shown in Figure 3. Similarly in Figures 4 and 5, the free CO2 and 234 

carbamate concentration profiles are shown. In Figures 6-8 respectively, the gas phase MEA 235 

profiles, droplet internal temperature profiles and droplet growth curves are shown. 236 

 237 



Figure 3: Free MEA concentration  profiles as function of position for cN= 103 droplets/cm3 238 

Top row:  (a) Flue gas 1, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 4 239 

 240 

 241 



Figure 4: CO2 concentration profiles as function of position for cN= 103 droplets/cm3  242 

Top row:  (a) Flue gas 1, (b) Flue gas 2, Bottom row:  (c) Flue gas 3 (d) Flue gas 4 243 

 244 

Figure 3a shows MEA profiles for flue gas 1. In this case the bulk liquid phase CO2 loadings 245 

in the absorber are the lowest, but so are also the temperatures.  Initially the free MEA 246 

concentration increases rapidly, and then continues to increase more slowly throughout most 247 

of the absorber, and finally a more rapid increase toward the absorber top is seen. The main 248 

reason for the fast increase in free MEA concentration at the bottom of the column is rapid 249 

evaporation of water leading to a concentrating up of MEA. Simultaneously, CO2 is rapidly 250 

absorbed and carbamate is formed, as can be seen in Figures 4a and 5a respectively. The CO2 251 

profiles illustrate the very rapid build-up of CO2 concentration followed by a rapid reduction 252 

in concentration caused by carbamate formation. Then, as carbamate builds up, the free CO2 253 

concentration increases again. Further up in the absorber, because of lower gas phase CO2 254 

pressure, there is a reversion of carbamate giving more free MEA and at the same time a 255 

desorption of CO2 and less free CO2 in the droplet. Going up in the absorber column, the gas 256 

phase MEA pressure increases, see Figure 6, partly because of increased temperature, see 257 

Figure 7a, but also because of reduced bulk liquid CO2 loading, see Figure 2. This gives a 258 

positive driving force for MEA into the droplets, and at the same time water starts transferring 259 

to the droplets. At about 7-8m into the absorber column, we see that this leads to an increase 260 

in droplet size, see Figure 8.  261 



At the very top of the absorber, the temperature falls because of lean amine solution entering 262 

at 40 0C. This fall in temperature leads to increased absorption of CO2 caused by a shift in 263 

equilibrium and increased transfer of MEA and water to the droplets. The combined effect is a 264 

more rapid increase in droplet size, as seen for the last half meter form the absorber top (at 265 

15m). 266 

When the droplets enter the first water wash, MEA starts desorbing rapidly out of droplet. At 267 

the same time water condenses on the droplet surface because of the temperature reduction. 268 

This increases both droplet volume and temperature.  The processes taking place in the second 269 

water wash are similar. As seen in Figure 8a, more than 80% of the droplet growth takes place 270 

in the water wash sections and the initially 0.15µ radius droplets increase in size to about 2.7 271 

µ in radius for the case of 1000 droplets/cm3. 272 

A similar behaviour is observed when flue gases from other fuel sources (oil, coal, cement) are 273 

fed to the absorption column. The profiles for free MEA, free CO2, carbamate concentrations 274 

and temperature are shown in the b, c and d parts of Figures 3, 4, 5 and 7.  275 

Comparing the a and b parts of Figures 3 and 5 (flue gas 1 and 2) it is seen that higher driving 276 

forces for CO2 allows more transfer of CO2. The carbamate formation initially increases more 277 

rapidly for flue gas 2 and subsequently the increase in free MEA inside the droplet is reduced 278 

for flue gas 2 compared to flue gas 1. The reduced concentration of free MEA in the case of 279 

flue gas 2 is maintained throughout the absorber and the carbamate levels are higher. This is 280 

reasonable as the droplet concentration levels will follow the bulk liquid concentration levels 281 

to a large extent. These trends are also reflected in the free CO2 concentration which is seen 282 

initially to increase rapidly and then fall to levels higher than for flue gas 1. When the droplets 283 

enter the water wash section, both the droplet free MEA and carbamate concentrations go 284 

down, but remain higher than for flue gas 1. These findings are reasonable as more MEA is 285 

passed from the absorber to the water washes, thus increasing the total MEA level also in the 286 

wash water. At the exit of the second water wash the droplets still contain 0.0065 mol/L of 287 

MEA and 0.035mol/L of carbamate. In Figure 6 the gas phase MEA profiles for flue gas type 288 

2 are given. We see that up to about 7m into the absorber, the MEA partial pressure remains 289 

lower for flue gas 2 compared to flue gas 1. The reason for this is the combined effect of 290 

increased carbamate formation, resulting in a lower fraction of free MEA, and an increased 291 

droplet temperature because of the heat of reaction. The temperatures are shown in Figure 7b 292 

and we see that initially the temperature with flue gas 2 increases a few degrees more than with 293 

flue gas 1. However, this temperature increase, and the resulting equilibrium shift, is not 294 

enough to counter the increased carbamate formation and subsequent free MEA concentration 295 

decrease. Combined, this explains the reduction in MEA partial pressure seen up to about 7 m 296 

in Figure 6. 297 

Moving further up in the absorber section, the difference in temperature between flue gas 1 and 298 

2 increases. Now the temperature effect becomes the strongest, leading to higher MEA partial 299 

pressures for flue gas 2. 300 

Droplet growth is shown in Figure 8. Comparing 8a and 8b it is clearly seen that the droplet 301 

growth is much stronger with flue gas 2. For flue gas 2, the final droplet size is about 5.5µ 302 

compared to 2.7µ for flue gas 1. This is reasonable as higher gas phase CO2 levels will shift 303 

the equilibrium toward carbamate (and protonated amine) rather than free amine. Thus, 304 

maintaining higher driving forces for MEA, in particular in the lower half of the absorber. This 305 

results in lower water surface pressure and increased condensation.  306 



We see that also for flue gas 2, the droplets continue to grow in the water wash, but compared 307 

to flue gas 1, the growth in the absorber part is much stronger, mainly because of the 308 

temperature increase in the upper part giving higher water vapour pressures. Even though no 309 

visual depletion of the gas phase is seen with 1000 droplet/cm3, not shown in Figure 6, this 310 

effect is visible in the growth curves, giving slightly less growth with 1000 compared to 1 311 

droplet/cm3, as seen in Figure 8.  312 

Results when coal based flue gas is fed to the absorption column, i.e. flue gas 3, are presented 313 

in Figures 3c,4c,5c. The differences seen between flue gas 1 and flue gas 2 are further 314 

accentuated for flue gas 3. The free MEA concentration, see Figure 3c, is lower at the top of 315 

the absorber for flue gas 3 compared to flue gas 2, but in the middle part of the column, a small 316 

increase is seen in the coal based flue gas case. This is also reflected in Figure 5c where the 317 

carbamate formation for flue gas 3 is slightly lower than for flue gas 2. The reason for this is 318 

found in the temperature profiles in Figure 7c. For flue gas 3 the temperature bulge starts lower 319 

down in the column, but the top point is not so much higher than for flue gas 2. This means 320 

that the temperature effect on the equilibrium is more important in the low to middle section 321 

of the absorber for flue gas 3. This can also be seen in Figure 6 where the gas phase MEA 322 

partial pressures are much higher, relatively speaking, for flue gas 3 compared to flue gas 2. In 323 

the water wash sections, the droplets lose most of their MEA and the concentration of MEA 324 

and carbamate at the exit from the second water wash in gas phase are found to be 0.0021 and 325 

0.076 mol/L respectively. 326 

Droplet growth is shown in Figure 8c. With flue gas 3, the growth is stronger than with flue 327 

gas 2, and the final droplet size is about 8µ. Almost half the growth takes place in the absorber 328 

in this case and there is a small difference in growth in the water washes between 1000 329 

compared to 1 droplet/cm3 indicating that the gas phase MEA partial pressures have changed 330 

slightly, although not visible in the gas phase MEA profiles when comparing 1(not shown) and 331 

1000 droplets/cm3. 332 

The results for the cement industry based flue gas, i.e. flue gas 4, are shown in Figures 3d, 4d 333 

and 5d. The profiles exhibit basically the same characteristics as seen previously. The effect of 334 

temperature is even stronger than for flue gas 3, leading to higher free MEA concentrations 335 

and lower carbamate concentrations in the lower and middle sections of the absorber. At the 336 

top, both the free MEA and carbamate concentrations are higher. The strong temperature effect 337 

also leads to higher gas phase MEA partial pressures throughout the column as seen in Figure 338 

6. 339 

When droplets enter the water wash sections, the concentrations of free MEA and carbamate 340 

go down and reach an outlet level of 0.0005 mol/L and 0.22 mol/L. We see that the total MEA 341 

concentration in the droplets at the outlet goes up with increasing CO2 partial pressure in the 342 

inlet gas and that the ratio between free MEA and carbamate goes down. This is reasonable 343 

because of increased loading. 344 

 345 

From Figure 8d is seen a further droplet growth for this flue gas to about 11 µ. Also the absorber 346 

plays a more important role in droplet growth and the difference between 1000 and 1 347 

droplet/cm3 is larger. Even in this case, with flue gas 4, the gas phase MEA depletion is not 348 

visible in the MEA partial pressure curves (not shown). However, a small depletion does take 349 

place, leading to the difference in growth curves in Figure 8d. 350 



Comparing the MEA profiles from Figures 3a,b,c and d it is seen that the instant build-up of  351 

free MEA concentration at the very bottom of the column gradually decreases as water 352 

evaporation becomes less rapid with increasing CO2 content in the flue gas. This is also 353 

reflected in the temperature profiles.  354 

 355 

  356 

Figure 5: Carbamate concentration profiles as function of position for cN= 103 droplets/cm3 357 

Top row: (a) Flue gas 1, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 4. 358 

 359 

 360 

 361 

  362 

 363 

 364 

 365 



 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

Figure 6: Case 1: Gas phase MEA partial pressure profile for cN= 103 droplets/cm3 376 

 377 

Figure 7: Case 1: Droplet temperature profiles as a function of position for cN= 103 378 

droplets/cm3, Top row: (a) Flue gas 1, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 379 

4. 380 



When comparing the droplet temperature profiles, as given in Figure 7, we see that for flue gas 381 

1 there is a rapid initial temperature decrease. The droplet temperature is affected by water 382 

evaporation, MEA and CO2 absorption and the reaction between CO2 and MEA. With flue gas 383 

1, the evaporation of water is dominating and leads to a drop in temperature. As the gas phase 384 

CO2 concentration increases, still evaporation takes place, but the exothermic reaction forming 385 

carbamate becomes more and more important. With 20% CO2 as in flue gas 4 we see that the 386 

droplet temperature starts rising from the very beginning. 387 

 388 

 389 

Figure 8: Case 1: Growth of aerosol droplets for all number concentrations, Top row:  (a) 390 

Flue gas 1, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 4. 391 

Increasing the droplet number concentration to 105 droplets/cm3, the free MEA, CO2 and 392 

carbamate profiles are shown in the supplementary information as Figures S1, S2 and S3. There 393 

is no change in the temperature profile so this is not included.  394 

From Figure 8 we see that when the droplet number concentration is increased to 105 395 

droplets/cm3, the effect of MEA depletion or carry-over in the gas phase becomes significant. 396 

For the two lowest CO2 concentrations, flue gas 1 and 2, only the growth in the water washes 397 

is influenced, whereas for flue gas 3 and 4 the changes in droplet size starts lower down in the 398 

absorber. This is more thoroughly discussed later for the highest droplet number concentration.  399 



When increasing the droplet number concentration to 107 droplets/cm3 the effect on gas phase 400 

MEA depletion and carbamate build up is strong for most flue gas sources. The droplet internal 401 

variable profiles are presented in Figures 9, 10 and 11. The gas phase MEA profiles are shown 402 

in Figure 12 indicating depletion of MEA from the gas phase when compared with figure 6, 403 

but, as seen, the change in depletion when increasing the droplet number concentration depends 404 

on the CO2 concentration.   405 

Comparing Figures 3a and 9a we see that for flue gas 1(natural gas), there is not a large change 406 

in the free MEA profiles. Also for 107 droplets/ cm3 there is a rapid initial increase in free MEA 407 

and it continues to rise similar to what seen in Figure 3a, but the rapid increase at the top of the 408 

absorber is smaller. Also, the carbamate and free CO2 profiles shown in Figures 10a and 11a 409 

are very similar to those in Figures 4a and 5a. The reason for this is that the gas phase MEA 410 

partial pressure profile is not significantly affected by the high droplet number concentration 411 

as seen when comparing the curves for Flue gas 1 in Figures 6 and 12. This finally leads to 412 

only a small change in droplet growth, as seen in Figure 8a. Only during the last 0.5m of the 413 

absorber can we see a significant change in growth. 414 

However, already at a CO2 concentration of 8% in the flues gas (Flue gas 2), significant changes 415 

take place. Comparing Figures 3b and 9b we see that for the first 8m of the absorber, the profiles 416 

are quite similar, rising to about 1.4 mole/L of free MEA. After this point, in the low droplet 417 

number case, the free MEA concentration continues to rise, whereas for 107 droplets/ cm3 there 418 

is a decrease in free MEA. At the same point in Figure 10b we see that the carbamate 419 

concentration increases, thus shifting free MEA to carbamate at that point in the column. 420 

Further up, the free MEA concentration increases again because of higher temperature, see 421 

Figure 13, and thereby higher MEA volatility. In Figure 12 we see that for the first 8m the 422 

curve for 8% CO2 is very close to the one in Figure 6. At this point, however, in Figure 12, a 423 

gas phase depletion of MEA is seen. This reduces the droplet up-take of MEA, and thereby 424 

also of water. This “shortage” of MEA inside the droplet is the cause of the shift to more 425 

carbamate relative to free MEA. The MEA depletion affects the growth of the droplets and in 426 

Figure 8b we see that about at 8m into the absorber, the growth curves for the low and high 427 

droplet numbers part.  428 

For flue gas 3(Coal) and flue gas 4 (Cement) the changes, compared to the previous case, are 429 

similar but stronger. For coal based exhaust, the effect of droplet number concentrations comes 430 

at about 6m into the absorber, and for cement based flue gas, the effect appears already after 431 

about 3m. This leads to earlier and more gas phase depletion as seen in Figure 12, which again 432 

leads to a decrease in free MEA concentration, see Figure 9. As the temperature rise is higher 433 

for the higher CO2 concentrations, the free MEA concentration and gas phase MEA partial 434 

pressure both increase when going further up in the absorber, and most for the highest CO2 435 

concentration. 436 

Moving into the water wash section, we see in the magnified graph in Figure 12, that there is a 437 

carry-over of MEA from the absorber to the water wash caused by the droplets. It is interesting 438 

to note that the carry-over does not increase with CO2 concentration for all tested 439 

concentrations. 440 

For flue gas 1(Natural Gas), the carry-over is hardly visible. However, for flue gas 2 and 3 (Oil 441 

and Coal), the carry-over apparently is at its highest, and then drops when considering flue gas 442 

4 (Cement). The carry-over which appears in the MEA partial pressures in Figure 12 is a 443 

function of several mechanisms. It depends on the total MEA concentration in the droplets and 444 



the droplet size. However, it also depends on how fast the MEA can desorb from the droplets 445 

once they enter the water wash. As the total MEA concentration in the droplets does not vary 446 

dramatically, the droplet size at the absorber outlet and the desorption rate are the main 447 

governing variables. The droplet size at the absorber outlet increases with inlet gas CO2 448 

concentration to respectively 0.3, 0.7, 1.1 and 1.4µ in radius for flue gases (1, 2, 3 and 4) having  449 

4, 8, 12 and 20% CO2 at the inlet. So basically there is more carry-over to the water wash for 450 

the higher CO2 concentrations. However, since the CO2 removal rate is limited to 90%, the 451 

remaining CO2 in the gas in the water wash will also increase. This leads to a shift to more 452 

carbamate in the droplets and subsequently to lower free MEA concentrations. The lower free 453 

MEA concentrations will reduce the desorption rate and thereby the increase in MEA partial 454 

pressure in the water wash. Thus desorption from the droplets in the water wash will be reduced 455 

by high outlet CO2 concentrations and they will retain more total MEA. 456 

As the inlet CO2 concentration increases, more of the droplet growth takes place in the 457 

absorber. This is most accentuated for the low droplet number concentrations where the droplet 458 

size increases 10-fold in the water wash with 4% CO2 in the inlet gas (Flue gas 1). With 20% 459 

CO2 in the inlet gas (Flue gas 4) the size increase in the water wash is less than 40%. For 107 460 

droplets/ cm3 the size increase in the water wash is much smaller, ranging from 100% to 10% 461 

when going from 4 to 20% CO2. 462 



Figure 9:Case 1: Free MEA concentration profiles as a function of position for cN= 107 463 

droplets/cm3,Top row: (a) Flue gas 1, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 464 

4 465 

 466 

 467 

 468 

 469 

Figure 10: Case 1: Carbamate concentration profiles as a function of position for cN= 107 470 

droplets/cm3 , Top row: (a) Flue gas 2, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 471 

4. 472 

 473 

 474 

 475 



 476 

Figure 11: Case 1: CO2 concentration profiles as a function of position for cN= 107 477 

droplets/cm3 , Top row: (a) Flue gas 1, (b) Flue gas 2, Bottom row: (c) Flue gas 3 (d) Flue gas 478 

4 479 

 480 
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 486 

 487 

 488 

Figure 12: Case 1: Gas phase MEA partial pressure profiles for cN=107 droplets/cm3 489 



 490 

Figure 13: Case 1: Droplet temperature profiles as a function of position for cN=107 491 

droplets/cm3 492 

As is seen by comparing Figures 7 and 13, increasing droplet number concentration does not 493 

affect the temperature profiles significantly. These are governed by the bulk absorption of CO2 494 

which is much larger than the absorption into the droplet phase. As expected there is a strong 495 

influence of CO2 concentration on the temperature profiles. 496 

 497 
Case 2: 498 
 499 
Case 2 is modelled to see the effect of initial composition of the aerosol droplets. For this case, 500 

with droplets initially containing 5M, the predicted profiles for 103-105-107 droplets/cm3 are 501 

included as supplementary information.  502 

With 103 droplets/cm3, the free MEA, CO2 and carbamate profiles are shown in Figures S4, S5 503 

and S6 and the gas phase MEA profile in Figure S7. 1 and 1000 droplets/cm3 behave the same 504 

so only one is shown. From Figure S4, it is seen that liquid phase free MEA starts decreasing 505 

instantly from the droplet as it enters the absorber. Simultaneously carbamate builds up. What 506 

happens is that CO2 diffuses rapidly into the droplets and reacts. Strong radial CO2 gradients 507 

are seen in this case for all flue gas types, but particularly for flue gas 4. 508 



Further up in the column the free MEA and carbamate levels become more and more like the 509 

ones in Case 1, but more carbamate is formed in Case 2 toward the absorber top.  510 

For droplet number concentrations 105 and 107 droplets/cm3, the composition profiles are 511 

shown in Figures S8-S13. The gas phase MEA profiles for 107 droplets /cm3 are presented in 512 

Figure S14. The initial increase in gas phase MEA pressure shown in the zoomed figure is 513 

because of desorption of MEA from the droplets when the volume of incoming droplets is 514 

large. As they enter the column, the liquid bulk is not able to absorb MEA fast enough. 515 

Temperature profiles are not included for Case 2 as the initial composition of the droplets does 516 

not affect the temperature profiles significantly for any number concentration.  517 

Droplet growth for case 2 is shown in Figure S15. The profile characteristics are the same as 518 

seen in Figure 8. Preliminary reduction in size at the very bottom of the column is seen, because 519 

of MEA depletion at the bottom of the column as discussed earlier. For lower number 520 

concentrations the droplet growth in all flue gases is slightly higher than for Case 1, indicating 521 

a small effect of initial composition of the droplet on growth.  522 

 523 

 524 

  525 



Effect of Intercooling: 526 

Intercooling in CO2 absorption systems is considered as a feasible method to improve solvent 527 

absorption capacity and effective mass transfer in CO2 absorption processes. The effect of 528 

absorber intercooling on overall energy requirement will also depend on other factors such as 529 

lean amine loading and L/G ratio. We have seen that increased inlet gas CO2 content leads to 530 

higher carry-over of amine into the water wash and it is also reported that varying the 531 

parameters of either the absorption column or water wash system may help to reduce the amine 532 

emissions (Majeed and Svendsen, 2017).  533 

(Karimi et al., 2011) studied the effect of intercooling in an absorption system based on MEA. 534 

They proposed that the best location to insert intercooling is about a quarter of the absorber 535 

height from the bottom of the column.  536 

With Type 4 flue gas, the temperature reaches above 80 0C at one point in the column. This 537 

leads to high MEA volatility and has a negative effect on aerosol carried emissions. New 538 

simulations in CO2SIM were performed to see the effect of intercooling on aerosol growth for 539 

this specific flue gas. The tower height is 15m and the intercooling, following the 540 

recommendation of (Karimi et al., 2011), was inserted 3.75m from the column. The lean 541 

solution entered at 40 0C as before, and the intercooling brought the liquid temperature back 542 

40 0C. The bulk liquid phase profiles were extracted and used to model droplet growth. In this 543 

section, Flue gas 4 will be considered as base case to compare with the intercooling case. 544 

In order to model this case in Matlab and to simplify, only one initial droplet composition was 545 

chosen i.e. pure water droplets with initial radius 0.15 μm. The results are presented for two 546 

different number concentrations: 103 and 107 droplets/cm3. Free MEA, carbamate and CO2 547 

profiles for these number concentrations are shown in Figure 14. The temperature profiles are 548 

presented in Figure 16. 549 

The build-up of MEA and carbamate inside the droplets is qualitatively very similar to what 550 

was seen previously for flue gas 4. However, for 103 droplets/cm3 it is seen that the build-up 551 

of carbamate and MEA inside the droplet at the exit of the absorber is higher than for the base 552 

case. As the droplets leave the absorber they contain around 2 mol/L and 1.1 mol/L of free 553 

MEA and carbamate respectively. This indicates higher transfer of MEA from the gas phase to 554 

the droplets and this is also reflected in the lower partial pressure of MEA in the gas phase as 555 

shown in Figure 15a. With a droplet number concentration of 107 droplets/cm3, the MEA 556 

content inside the droplets is still higher than for the base case with flue gas 4 and reaches 1.15 557 

mol/L while carbamate formation is slightly less than in the base case. This is reasonable with 558 

the lower partial pressure of MEA in the gas phase as shown in Figure 15b. 559 

For the water wash inlet we see that in flue gas 4, base case, the droplets contain carbamate 560 

(1.65mol/L) and less free MEA (0.98mol/L). When the droplets leave the second water wash 561 

with the treated flue gas, there is still carbamate present inside the droplets (0.25mol/L). With 562 

intercooling, the droplets enter the water wash containing significant amounts of free MEA (2 563 

mol/L) and less carbamate (1.1mol/L). In this case the water wash is able to remove extensively 564 

both the free MEA and the carbamate present inside the droplets. With 103 droplets/cm3 the 565 

treated flue gas droplets at the exit of the second wash contain only 0.05mol/L of free MEA 566 

and 0.08 mol/L of carbamate.  567 

This indicates a significant reduction in both free MEA and carbamate caused by the lower 568 

water wash inlet temperature than in the base case. This holds true for 107 droplets/cm3 as well.  569 



 570 

 571 

Figure 14: Top row: (a) Free MEA concentration profiles, cN= 103droplets/cm3, (b) 572 

Carbamate concentration profiles, cN= 103droplets/cm3 (c) CO2 concentration profiles, cN= 573 

103droplets/cm3 , Bottom row: (d) Free MEA concentration profiles, cN= 107droplets/cm3, (e) 574 

Carbamate concentration profiles, cN= 107droplets/cm3, (f) CO2 concentration profiles, cN= 575 

107droplets/cm3. 576 

 577 
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 584 
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 595 

 596 

Figure 15: Gas phase MEA partial pressure profile (a) cN= 103droplets/cm3, (b) cN= 597 

107droplets/cm3 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

Figure 16: Droplet temperature profiles as a function of position  609 

 610 

Droplet growth is significantly reduced when intercooling is used as seen in Figure 17 for both 611 

number concentrations. The droplets grow in the water wash section because of water 612 

condensation. When comparing both droplet number concentrations in the intercooling case, 613 

the growth is seen to be only slightly affected by the droplet number concentration. 614 

 615 



 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

Figure 17: Growth of aerosol droplet 626 

 627 

Results assessment and validation:  628 

A few experimental investigations and pilot campaign results exist that show particle number 629 

concentration and estimation of amine emissions based on aerosols. These studies only go up 630 

to maximum 12% of CO2 in the flue gas. Unfortunately, parameters like initial droplet size and 631 

inlet droplet composition are not given in these campaigns. Most of the campaigns deal with 632 

external fed nuclei.   633 

To perform a direct result assessment based on these experimental investigations is not 634 

possible, but still they can be used for an overall evaluation of the present model.  635 

The modelling results in this work are based on droplets having an initial size of 0.15µ with 636 

different particle number concentrations and different initial composition. We chose this size 637 

and number concentrations of 103-107 droplet/cm3, as this is the number range and size of 638 

aerosols droplets reported in literature. Four different flue gas sources were compared in this 639 

work and estimated amine emissions right after the absorber and after the second water wash 640 

are presented in Table 2 and Table 3. For a detail analysis of case 1, emissions throughout the 641 

column and water washes are plotted in Figure 18.  642 

Table 2: Amine emission from all flue gas sources in mg/Nm3 (Case 1) 643 

 cN= 

droplets/cm3 

Flue Gas 1 Flue Gas 2 Flue Gas 3 Flue Gas 4 

Absorber Top 103-107 0.15 - 266 11 -  7700 84 - 22000 388-53000   

Water Wash 2 Top 103-107 0.1-93 4 - 5300 31 -18000 200-45000 

 

 644 

 645 

 646 



Table 3: Amine emission from all flue gas sources in mg/Nm3 (Case 2) 647 

 cN= 

droplets/cm3 

Flue Gas 1 Flue Gas 2 Flue Gas 3 Flue Gas 4 

Absorber Top 103-107 5 - 5000 50 - 15000 160 - 31000 520 - 59000   

Water Wash 2 Top 103-107 0.9 - 3400 18 - 11000 65 - 24000 300 - 50000 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

Figure 18: Case 1: Estimated amine emissions from modelled absorber and water wash 659 

column (a) cN=103 droplets/cm3 , (b) cN=107 droplets/cm3 660 

 661 

It is evident from these results that as the CO2 content in the flue gas increases, the aerosol 662 

based amine emissions increase. The results also show the effectiveness of the water wash 663 

section in reducing the total amine emissions from typical PCCC plants and results are in 664 

agreement with (Majeed and Svendsen, 2017). These emissions can further be reduced by 665 

altering the operating parameters of either the absorption section or the water wash as discussed 666 

earlier in the intercooling section.  667 

Varying the initial composition of the inlet droplets has a strong impact on the total amine 668 

emissions, see Table 3.  669 

The results presented here are in line with the findings of modelling work presented in 670 

(Khakharia et al., 2014b), where increasing CO2 content in the flue gas was found to increase 671 

amine emission. However, the estimated emissions in (Khakharia et al., 2014b) were generally 672 

lower than in the current model. This may be because the model presented in that work is 673 

simplified and because the total height of their column was only 2m, giving less time for droplet 674 

growth.  675 

 676 

 677 

 678 



 679 

 680 

Case 1 and flue gas 4 in which the content of CO2 is 20% was chosen to implement intercooling. 681 

To sum up the results for the base case and intercooling case the predicted results are shown in 682 

Figure 19 indicating the effectiveness off intercooling in reducing amine emissions from 683 

absorption columns. It is seen that the effect is really significant such that intercooling does not 684 

only have an effect on energy use, but also a positive effect on aerosol emissions. 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

Figure 19: Estimated amine emissions from modelled absorber and water wash column 696 

 697 

 698 

Conclusions: 699 

A detailed characterization of aerosol growth in absorption processes is needed to avoid 700 

prohibitive amine emissions from PCCC plants. The present work provides an overview of 701 

amine emissions from large CO2 emitting sources as well as a model for characterization of 702 

aerosol droplet in terms of composition and temperature. This work is aimed at understanding 703 

aerosol based emissions for different sources and what countermeasures can be taken for the 704 

individual flue gas type to reduce emissions.  705 

Four different atmospheric flue gases were modelled in this work, ranging from 4-20% in CO2 706 

content. Inlet droplets of size 0.15µ with initial concentration 0 and 5M MEA were tested in 707 

number concentrations from 1 – 107 droplets/cm3. For 20% CO2, the effect of intercooling was 708 

studied. 709 

The aerosol droplets grow from their initial size regardless of their initial composition and type 710 

of flue gas processed. The initial composition of the droplet has a significant effect on 711 

emissions as seen in case 2. 712 

With increasing CO2 concentration, more carbamate is formed relative to free MEA. This leads 713 

to less effective water wash and significantly higher final emissions, from 0.15 to 200 mg/Nm3 714 

for 1000 droplets/cm3 and from 200 to 45000 mg/Nm3 with 107 droplets/cm3. 715 



With 1000 droplets/cm3, no visible depletion of MEA in the absorber and water wash sections 716 

was found for any of the CO2 concentrations. However, at 20% CO2, the droplet growth was 717 

reduced compared to a single droplet, indication that some gas phase MEA depletion had 718 

occurred. 719 

At 107 droplets/cm3, gas phase MEA partial pressure changes are clearly seen. With 4% CO2 720 

this only happens in the water wash, whereas for the higher contents the effect starts lower and 721 

lower down in the absorber.  722 

The carry-over of amine into the water wash increases with increasing gas phase CO2 content. 723 

However, the effect on the gas phase MEA content in the water wash goes through a maximum 724 

caused by strong carbamate formation with 20% CO2 in the inlet flue gas, giving low free MEA 725 

and less rapid release into the water wash gas phase. 726 

The droplet temperature profiles are unaffected by number concentration and initial 727 

composition of aerosol droplets.  728 

It is found that the water wash section reduces significantly the aerosol based, and thereby the 729 

total amine emissions. The effect of the water wash is reduced when the flue gas CO2 content 730 

increases.  731 

Intercooling lowers the partial pressure of MEA in both absorber and water wash significantly. 732 

This reduces the droplet growth, but not as much as would intuitively be expected from the 733 

reduction in MEA partial pressure. Intercooling reduces MEA emissions drastically and, in the 734 

case of 20% CO2 in the flue gas, by a factor of 5-10. 735 
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Notations 

P Partial pressure (kPa) Greek letters  

t Time (sec)   

T Temperature (K) µ μm 

    

    

Indices  Figure captions  

MEA Monoethanol amine  ABS Absorber 

MEACOO- Carbamate WW1 (1,2,3,4) Water circulation in water 

wash 1 

CO2 Carbon dioxide WW2 (1,2,3,4) Water circulation in water 

wash 2 

d Droplet/Aerosol Gas (1,2,3,4,5) Flue gas entering and leaving 

absorber and water washes 

g Gas Solvent (1,2) Solvent entering and leaving 

absorber 

l Liquid WW_bleed Bleed stream from water 

wash 

  Div (01, 01) Stream dividers 

  Flash (01,02) Flash tanks 

  Mix (01,02) Mixers 

 768 

 769 

 770 

 771 

 772 



References: 773 

Abu-Zahra, 2009. Carbon dioxide capture from flue gas: development and evaluation of 774 
existing and novel process concepts (PhD Thesis). Technical University of Delft, The 775 
Netherlands. 776 

Einbu, A., 2016. CO2SIM (Flowsheet Simulator for CO2 Absorption Processes) [WWW 777 

Document]. SINTEF. URL https://www.sintef.no/en/software/co2sim-flowsheet-778 
simulator-for-co2-absorption-proc/ (accessed 4.11.17). 779 

Fulk, S.M., 2016. Measuring and modeling aerosols in carbon dioxide capture by aqueous 780 
amines (Thesis). 781 

Global CCS Institute, 2013. Capturing CO2 from gas or coal power generation- what’s the 782 

difference? | Global Carbon Capture and Storage Institute [WWW Document]. URL 783 
https://www.globalccsinstitute.com/insights/authors/dennisvanpuyvelde/2013/11/06/c784 

apturing-co2-gas-or-coal-power-generation-what%E2%80%99s (accessed 4.5.17). 785 
IEA, 2016. Key world energy statistics (KWES). International Energy Agency. 786 
IEAGHG, 2010. Environmental Impacts of Amine Emissions During Post Combustion 787 

Capture Workshop. 788 
IEAGHG, 2008. CO2 capture in cement industry (A technical study) (No. 2008/3). 789 

IPCC, 2005. IPCC Special report on Carbon Dioxide Captuer and Storage (SRCCS). 790 
Kang, J.-L., Zhang, Y., Fulk, S., Rochelle, G.T., 2017. Modeling Amine Aerosol Growth in 791 

the Absorber and Water Wash. Energy Procedia, 13th International Conference on 792 
Greenhouse Gas Control Technologies, GHGT-13, 14-18 November 2016, Lausanne, 793 

Switzerland 114, 959–976. doi:10.1016/j.egypro.2017.03.1241 794 
Karimi, M., Hillestad, M., Svendsen, H.F., 2011. Investigation of intercooling effect in CO2 795 

capture energy consumption. Energy Procedia, 10th International Conference on 796 

Greenhouse Gas Control Technologies 4, 1601–1607. 797 

doi:10.1016/j.egypro.2011.02.030 798 
Khakharia, P., Brachert, L., Mertens, J., Anderlohr, C., Huizinga, A., Fernandez, E.S., 799 

Schallert, B., Schaber, K., Vlugt, T.J.H., Goetheer, E., 2015. Understanding aerosol 800 
based emissions in a Post Combustion CO2 Capture process: Parameter testing and 801 
mechanisms. Int. J. Greenh. Gas Control 34, 63–74. doi:10.1016/j.ijggc.2015.01.001 802 

Khakharia, P., Kvamsdal, H.M., da Silva, E.F., Vlugt, T.J.H., Goetheer, E., 2014a. Field 803 
study of a Brownian Demister Unit to reduce aerosol based emission from a Post 804 
Combustion CO2 Capture plant. Int. J. Greenh. Gas Control 28, 57–64. 805 

doi:10.1016/j.ijggc.2014.06.022 806 
Khakharia, P., Mertens, J., Vlugt, T.J.H., Goetheer, E., 2014b. Predicting Aerosol Based 807 

Emissions in a Post Combustion CO2 Capture Process Using an Aspen Plus Model. 808 
Energy Procedia 63, 911–925. doi:10.1016/j.egypro.2014.11.101 809 

Knudsen, J.N., Bade, O.M., Askestad, I., Gorset, O., Mejdell, T., 2014. Pilot Plant 810 
Demonstration of CO2 Capture from Cement Plant with Advanced Amine 811 
Technology. Energy Procedia, 12th International Conference on Greenhouse Gas 812 

Control Technologies, GHGT-12 63, 6464–6475. doi:10.1016/j.egypro.2014.11.682 813 
Knudsen, S., Randall, S., 2009. Amine Emissions to Air During Carbon Capture. Phase 1: 814 

CO2 and Amines Screening Study for Effects to the Environment. NILU Report. 815 
www.CO2.nilu.no. 816 

Luo, X., Knudsen, J.N., de Montigny, D., Sanpasertparnich, T., Idem, R., Gelowitz, D., Notz, 817 

R., Hoch, S., Hasse, H., Lemaire, E., Alix, P., Tobiesen, F.A., Juliussen, O., Köpcke, 818 
M., Svendsen, H.F., 2009. Comparison and validation of simulation codes against 819 

sixteen sets of data from four different pilot plants. Energy Procedia, Greenhouse Gas 820 
Control Technologies 9 1, 1249–1256. doi:10.1016/j.egypro.2009.01.164 821 



MacDowell, N., Florin, N., Buchard, A., Hallett, J., Galindo, A., Jackson, G., Adjiman, C.S., 822 

Williams, C.K., Shah, N., Fennell, P., 2010. An overview of CO2 capture 823 
technologies. Energy Environ. Sci. 3, 1645. doi:10.1039/c004106h 824 

Majeed, H., Knuutila, H., Hillestad, M., Svendsen, H.F., 2017a. Gas phase amine depletion 825 
created by aerosol formation and growth. Int. J. Greenh. Gas Control 64, 212–222. 826 

doi:10.1016/j.ijggc.2017.07.001 827 
Majeed, H., Knuutila, H.K., Hillestad, M., Svendsen, H.F., 2017b. Characterization and 828 

modelling of aerosol droplet in absorption columns. Int. J. Greenh. Gas Control 58, 829 
114–126. doi:10.1016/j.ijggc.2017.01.006 830 

Majeed, H., Svendsen, H.F., 2017. Effect of Water Wash on Mist and Aerosol Formation in 831 

Absorption Column. Chem. Eng. J. doi:10.1016/j.cej.2017.09.124 832 
Mertens, J., Knudsen, J., Thielens, M.-L., Andersen, J., 2012. On-line monitoring and 833 

controlling emissions in amine post combustion carbon capture: A field test. Int. J. 834 

Greenh. Gas Control 6, 2–11. doi:10.1016/j.ijggc.2011.11.015 835 
Moser, P., Schmidt, S., Stahl, K., Vorberg, G., Lozano, G.A., Stoffregen, T., Rösler, F., 2014. 836 

Demonstrating Emission Reduction – Results from the Post-combustion Capture Pilot 837 
Plant at Niederaussem. Energy Procedia, 12th International Conference on 838 

Greenhouse Gas Control Technologies, GHGT-12 63, 902–910. 839 
doi:10.1016/j.egypro.2014.11.100 840 

Rochelle, G.T., 2009. Amine Scrubbing for CO2 Capture. Science 325, 1652–1654. 841 
doi:10.1126/science.1176731 842 

Saha, C., Irvin, J.H., 2017. Real-time aerosol measurements in pilot scale coal fired post-843 
combustion CO2 capture. J. Aerosol Sci. 104, 43–57. 844 
doi:10.1016/j.jaerosci.2016.11.005 845 

Tobiesen, F.A., Hillestad, M., Kvamsdal, H., Chikukwa, A., 2012. A General Column Model 846 

in CO2SIM for Transient Modelling of CO2 Absorption Processes. Energy Procedia 847 
23, 129–139. doi:10.1016/j.egypro.2012.06.071 848 

Tobiesen, F.A., Svendsen, H.F., Juliussen, O., 2007. Experimental validation of a rigorous 849 

absorber model for CO2 postcombustion capture. AIChE J. 53, 846–865. 850 
doi:10.1002/aic.11133 851 

Zhang, Y., Kang, J.-L., Fulk, S.M., Rochelle, G., 2017. Modeling Amine Aerosol Growth at 852 
Realistic Pilot Plant Conditions. Energy Procedia. 853 

 854 

 855 

 856 

 857 

 858 

  859 

 860 

 861 

 862 

 863 

 864 

 865 



Supplementary Information 866 

 867 

Figure S1: Case 1: Free MEA concentration profiles as function of position for cN= 105 868 
droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 869 
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 879 

Figure S2: Case 1:  CO2 concentration profiles as function of position for cN= 105 880 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 881 
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 892 

Figure S3: Case 1:  Carbamate concentration profiles as function of position  893 

for cN= 105 droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4. 894 
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 899 

Figure S4: Case 2:  Free MEA concentration profiles as function of position for cN= 103 900 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 901 



 902 

Figure S5: Case 2:  CO2 concentration profiles as function of position for cN= 103 903 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 904 



 905 

Figure S6: Case 2:  Carbamate concentration profiles as function of position for cN= 103 906 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4. 907 
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 914 

Figure S7: Case 2: Gas phase MEA partial pressure profiles for cN= 103 droplets/cm3 915 
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 917 

Figure S8: Case 2:  Free MEA concentration profiles as function of position for cN= 105 918 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 919 
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 921 

 Figure S9: Case 2:  CO2 concentration profiles as function of position for cN= 105 922 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 923 
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 930 

Figure S10: Case 2:  Carbamate concentration profiles as function of position for cN= 105 931 
droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4. 932 
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 934 

Figure S11: Case 2:  Free MEA concentration profiles as function of position for cN= 107 935 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 936 
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Figure S12: Case 2:  CO2 concentration profiles as function of position for cN= 107 938 

droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4 939 
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 Figure S13: Case 2:  Carbamate concentration profiles as function of position for cN= 941 

107 droplets/cm3 (a) Flue gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4. 942 
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Figure S14: Case 2: Gas phase MEA partial pressure profiles for CN= 107 droplets/cm3 951 
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 Figure S15: Case 2: Growth of aerosol droplets for all number concentrations (a) Flue 953 

gas 1, (b) Flue gas 2, (c) Flue gas 3 (d) Flue gas 4. 954 
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