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Abstract 

A rate-based combined heat and mass transfer model developed based on penetration theory 

is used to study the effect of water evaporation and condensation on the CO2 absorption process using 

six different cases with real pilot-scale plants flue gas conditions. The effect of water evaporation and 

condensation on the concentrations, temperature profiles and reaction rates are studied in detail. The 

model predicted reasonable profiles as one would expect for water condensation and evaporation. 

The degree of liquid temperature rise depends mainly on the gas water saturation level and the 

temperature difference between the gas and liquid. Temperature profiles are flat in the liquid, whereas 

the transferring components create steep concentration gradients close to the interface making the 

interface concentrations change rapidly with position in absorber.  This is in line with the thermal and 

mass diffusivities. Concentration build-up or depletion of species takes place in the liquid phase close 

to the gas-liquid interface up to 10 μm distance from the interface. For the case with absorber bottom 

pinch conditions, it was found that the CO2 flux sign changes and desorption occurred when taking 

the evaporation and condensation effects into account, whereas, without these effects, only absorption 

was predicted.   For most of the cases, absorption rate of CO2 was not affected significantly even 

though concentration gradients and temperature changes were found. However, for the extreme case 

of warm unsaturated exhaust from an NG fired plant, case C1, and for the near pinch situation, case 

C6, significant changes to the CO2 absorption rates were found.  

. 

 

 

Keywords: Combined heat and mass transfer, CO2 absorption, H2O evaporation, condensation, 

exothermic reactions, latent heat contributions  
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1 Introduction 

In post-combustion CO2 capture, the most appropriate and the only process ready for large-scale 

application for power plants is CO2 absorption using amines. Monoethanolamine (MEA) is the 

solvent most often used as a reference in comparative studies to develop more energy efficient 

absorbents for post-combustion CO2 capture (Liang et al., 2015, 2016; Luo et al., 2009; Puxty et al., 

2010; Wang et al., 2011). In general, the process is costly and relatively energy intensive and work is 

ongoing around the world to make it economically and energetically more attractive for industrial 

implementation. This requires detailed understanding of the complex phenomena that involve the 

coupling between thermodynamics and diffusional processes in the gas and liquid phases in addition 

to complex chemical reactions occurring in the liquid close to the interface in the absorber and stripper 

(Tobiesen et al., 2007, 2008).  

The absorber column in which CO2 is absorbed from flue gas, is operated in a counter-current 

mode with a lean solvent containing small amounts of CO2 fed at the top of the column and CO2 rich 

flue gas fed at the bottom (Kohl and Nielsen, 1997; Rochelle, 2009). As the CO2 is absorbed in the 

solvent, the temperature of the solvent will increase due to the exothermic nature of the absorption 

reaction, and water evaporation occurs due to the temperature increase. The temperature of the liquid 

decreases during the evaporation process as the energy required for the phase change from liquid to 

vapor is drawn from the liquid phase. In an absorber or desorber column, when evaporation of water 

occurs, the concentration of the solvent increases and the volume of the liquid phase decreases. The 

rate of evaporation varies from solvent to solvent as the heat of reaction varies. The amount of CO2 

absorbed into the solvent also influences the rate of evaporation of water from the solvent. Due to 

water evaporation and the latent heat associated with it, the flue gas temperature increases as it moves 

upward in the column and the water vapor pressure in the flue gas increases (Chow and Chung, 1983; 

Seaward et al., 1984). Towards the top of the column, the entering colder solvent will cause water 

condensation. Evaporation and condensation phenomena at the gas-liquid interface influence the heat 

and mass transfer fluxes. The temperature profiles are also affected and this will influence the 

physicochemical properties of the phases and the absorption of CO2 into the liquid.   

The effect of several parameters on the temperature bulge has been simulated using gPROMS 

and RateSep by Kvamsdal and Rochelle (Kvamsdal and Rochelle, 2008) using the pseudo-first order 

reaction assumption based on two-film theory. Sensitivity analyses of several process variables on 

CO2 absorption have been performed recently (Kvamsdal and Hillestad, 2012; Ralph H. Weiland and 

Nathan A. Hatcher, 2011; Kale et al., 2013; Razi et al., 2013a, 2014). Neveux et al. (Neveux et al., 

2013) studied the contribution of water flux to the total heat transfer flux to the liquid in both absorber 

and stripper. The liquid solvent flow rate has a significant effect on the temperature profile and in 
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turn on the absorber performance. They used an enhancement factor model in the rate-based model 

for the study, which is an approximate method. 

In the literature, the H2O concentration is normally assumed constant in reaction kinetics and heat 

and mass transfer studies. In the present work, we focus on the influence of water condensation and 

evaporation on CO2 absorption using a discretized penetration theory-based model. The model 

accounts for variations in the water concentration in the solvent and in the solvent concentration 

(molarity) due to condensation and evaporation. The present work is performed using case studies 

with different operating conditions for the CO2 absorber column. 

  

2 Mathematical model 

 

A combined rate based heat and mass transfer model to study the influence of water condensation 

and evaporation on the reaction rates and heat and mass transfer in the absorber column is derived 

below. The governing species material and energy balance equations including mass transfer, and the 

coupled chemical reaction system including volume change yield the following set of equations (1) - 

(12) in the discretized domain in case of CO2 absorption into an aqueous MEA solution: 

2

2
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Re-arranging eq. (1) gives 
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For differential element of radius r and thickness ‘dr’ and length L, 
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The rate of change of liquid layer thickness w.r.t time can be given as 
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Substituting eq. (5) into eq. (3), 
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After incorporating the volume change due to evaporation and condensation, the governing equations 

for CO2 absorption into aqueous MEA solution can be given as: 
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Where the reaction rates _ _2 2 2 _2

, ,CO MEA CO H O CO OH
r r r   are given as below according to the direct (ter-

molecular) reaction mechanism (Putta et al., 2016) 
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Kinetic constants are taken from Putta et al. (2016). 
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Model equations given in (I) for the combined heat and mass transfer model are solved using 

orthogonal collocation on finite elements by applying the initial and boundary conditions given in 

equations (10) - (17). 

One initial condition and two boundary conditions are necessary for each equation. 

 

Initial condition: Uniform profiles are assumed for all species and the temperature in the liquid phase 

calculation domain before gas and liquid come into contact. 

At time t = 0 and x ≥ 0 

   
3 3

2

2 2 30
where , , , , , , , , andi i iC C C CO MEA MEAH MEACOO H O H O HCO OH CO T            (10) 

As in Putta et al. (2016) an e-NRTL model is used for obtaining equilibrium concentrations used in 

equation (10). 

Boundary condition in the liquid bulk: At all times, the concentration gradients of all components 

is assumed zero in the liquid bulk, 

At time t > 0 and x = ∞ (liquid bulk) 

 
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Boundary condition at the gas-liquid interface: All the ionic species are assumed non-volatile and 

only the transfer MEA, CO2, and H2O, is accounted for between the gas and liquid phases through 

the gas-liquid interface. 

For all the non-volatile species, at time t > 0 and x = 0 (gas-liquid interface) 

3
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     (12) 

For the transferring components between the phases, the mass transfer rate in the gas phase is 

assumed equal to the mass transfer rate in the liquid phase at the interface, i.e.: 
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Concentrations are used for the calculation of diffusive fluxes in the liquid phase, as the 

diffusivities are available only on concentration basis. 

The concentrations of CO2 in liquid and gas at the interface are correlated using Henry’s law as below: 

 
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For temperature, the boundary condition can be specified as: 

2 2 2 2 20 p, 0

0

( ) C ( ) vap vap

x g CO CO x g CO H O H O MEA MEA

x

T
h T T MW T T N h N h N

x
  




     


                                  (17) 

The temperature boundary condition at the gas-liquid interface includes the latent heat 

contributions of water and MEA at the liquid surface due to evaporation or condensation, CO2 latent 

heat transfer, and the sensible heat transfer into the liquid. The latent heat term, H_latent used in the 

plots in the following sections, is the sum of the last three terms in equation (17).  Both CO2 latent 

heat and MEA evaporation latent heat are small compared to the latent heat transfer due to evaporation 

of water. MEA evaporation counts for less than 1% of the total latent heat transfer and CO2 latent 

heat due to transfer from gas to liquid is less than 5% (maximum 5% in case C2) of the total latent 

heat transfer. All the latent heat terms due to CO2 transfer from gas to liquid, MEA evaporation and 

water evaporation or condensation are included in the H_latent term as used in plots in the following 

sections. 

 

Parameters used in the model: 

For the combined heat and mass transfer study, several physical and chemical properties are 

required in the model. The viscosity of pure water and MEA and heat capacities of water, pure MEA 

and aqueous MEA solutions  are calculated using the correlation by Cheng et al., (1996). Diffusivity 

of CO2 in water is calculated using the correlation given by Versteeg and Van Swaaij (1988) and in 

aqueous MEA solution using the Ko et al. (2000) correlation based on the N2O analogy. The 

diffusivity of MEA is calculated based on the Snijder et al. (1993) correlation. Gas phase diffusivities 

of CO2 and H2O are calculated using the Reid et al. (1986) expression. Calculation of densities of 

water, pure MEA and loaded aqueous MEA solution as well as viscosity of loaded MEA solutions 

are estimated using correlations given by Hartono et al. (2014). The e-NRTL model fitted using 

physical solubilities of CO2 reported by Hartono et al.(2014) was used for the estimation of Henry’s 

law constant of CO2 in loaded MEA solutions (Putta et al., 2016). Experimental data for the 

diffusivities of ions are still lacking in the literature. Therefore, diffusivities of MEAH+ and 

MEACOO- are assumed to be equal to the diffusivity of MEA in aqueous MEA solution. Heat transfer 

coefficients are calculated using the Chilton-Colburn analogy (Geankoplis, 2003). 

 

3 Numerical solution method 

 

The orthogonal collocation on finite elements (OCFE) method used is the same as in Putta et al. 

(2016) and more details can be found there. The model equations were implemented in the MATLAB 
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software. In this orthogonal collocation on finite elements (OCFE) method, the first collocation point 

of the first element is the boundary condition at the gas-liquid interface and the last collocation point 

in the last element is the boundary condition in the liquid bulk (Arora et al., 2006a, 2006b; Carey and 

Finlayson, 1975; Duarte and Portugal, 1995; Ghanaei and Rahimpour, 2010). For all other elements, 

at the boundary between two elements, the condition of continuity of variable is used. I.e., the last 

collocation point of the kth element is the same as the first collocation point of the (k+1) th element. 

 

   
 element 1 element

end point first point

ththk k

i iC C


             (18) 

 element 1 element

end point first point

ththk k

i idC dC

dx dx



   
   

   
         (19) 

Where
3 3

2

2 2 3, , , , , , , , andi CO MEA MEAH MEACOO H O H O HCO OH CO T       

 

4 Results and discussion 

 

The study is divided into 6 different case studies. The conditions used in the case studies are 

given in table 1. Out of the 6 cases considered in this study, 3 cases study the absorber bottom in 

processes for flue gas from respectively a gas-fired power plant (Razi et al., 2013b), a coal-fired 

power plant (Razi et al., 2013b) and a cement plant (Hassan, 2005). Two cases are considered for the 

lean end top-section of the absorber column, one for the NGCC case (Razi et al., 2013b).and another 

one for the cement plant case (Hassan, 2005). The last studied case investigates the absorber bottom 

pinch. The main focus is to study the effect of different gas and liquid phase conditions on the heat 

and mass transfer in the different sections of the absorber column. 

 

Case 1: Gas-fired power plant (430 MWe) flue gas composition (NGCC)  

Case 2: Coal-fired power plant (800 MW) flue gas composition 

Case 3: Bottom section of the absorber column for cement case  

Case 4: A point in the top section of the absorber column for Natural gas case 

Case 5: Top section of the absorber column for cement case 

Case 6: Absorber bottom pinch 
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Table 1. Gas and liquid phase conditions used in case studies  

 

4.1 Effect of flue gas from 3 different sources on the absorber bottom section (cases 1-3) 

 

Flue gas from three different sources, namely a natural gas-fired power plant (NGCC), a coal-

fired power plant and a cement plant are used to study the effect of flue gas composition at the rich 

end of the absorber column i.e. the bottom section of the absorber. Temperature, partial pressures of 

CO2 and H2O are different for flue gas from each source and are given in table 1 above. 

The contact time of 0.1 sec has been used for all the cases to study what happens during condensation 

and evaporation over a 20 cm segment in the absorber column, thus assuming a gas velocity of 2 m/s. 

 

Natural gas-fired power plant (NGCC) flue gas case (C1): 

Fig. 1 shows the concentration and temperature profiles in the liquid film. The x-axis represents 

the distance from the gas-liquid interface in the liquid film (m), the y-axis represents the contact time 

(sec) between the gas and liquid and z-axis represents the molar concentrations of species ([M]) or 

temperature (T). 

(a)  

Case 
Tg (

o

C) Tl (
o

C) 
Loading P_CO

2
-b (kPa) P_H

2
O-b (kPa) 

C1 90 55 0.45 3.94 8.33 

C2 50 43.5 0.47 13.73 9.88 

C3 40 57 0.495 27.72 5.04 

C4 38 39.6 0.3 0.94 14.00 

C5 56.4 40 0.3 4.80 14.64 

C6 40 40 0.475 3.00 14.00 
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(b)  

 

(c)  
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(d)  

 

Fig.1 (a) Free CO2 (b) total MEA (c) H2O and (d) Temperature profiles in the liquid film for NGCC case 

 

In the NGCC case, flue gas enters at 90°C at the bottom of the absorber and meets solvent at 55 

°C. The entering flue gas is far from saturated in water and as it comes in contact with the solvent, 

immediately solvent starts evaporating. Mainly water in the solvent evaporates and due to evaporation 

both water concentration and solvent temperature decreases. The water concentration decreases and 

the total MEA concentration in the solvent increases with time at the interface as can be seen in fig. 

1 above. The accumulation or depletion of these two components occurs very close to the gas-liquid 

interface and concentration profiles in the liquid film are flat after a 10 µm distance from the interface 

(1/40th of liquid film thickness) whereas the temperature profile is uniform throughout the liquid film 

at any given time. This difference is reasonable as the thermal diffusivity of the solvent is 1000 times 

higher than the mass diffusivity, thus the thermal diffusion is fast compared to the mass transfer. This 

can be seen clearly from the zoomed profiles given in Appendix A1. The CO2 concentration is 

constant at the interface and decreases rapidly when going into the film due to reaction with MEA. 

The reaction occurs very close to the gas-liquid interface and all the free CO2 is reacted and the CO2 

concentration becomes very low only a few µm from the interface. 

As can be seen from fig. 2(a), the temperature of the interface solvent decreases by almost 6°C due 

to evaporation. The temperature of the solvent drops quite fast in the liquid film as soon as the gas 

meets the liquid and after that, the liquid temperature remains constant even though evaporation of 
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water is still taking place as can be seen from the steadily reduced concentration of water in fig. (2b). 

This indicates that the sensible heat transfer and the evaporation even out each other. Because of this 

the temperature of the liquid becomes almost even though there still evaporation as seen in fig. 2(b). 

The constant level is very close to the wet bulb temperature of the gas, but slightly lower because of 

the simultaneous evaporation of water and MEA. Fig. 2(c) shows the heat transfer contributions due 

to convective heat transfer from gas to the liquid phase and latent heat due to evaporation of water 

with respect to time. From the fig. 2(c), it can be seen that after 0.02 seconds, both sensible heat 

transfer due to convection from gas to the liquid phase and latent evaporative heat transfer to the gas 

from liquid become almost equal. It should be noted that both the latent heat transfer due to CO2 

transfer from gas to liquid and MEA evaporation, even though their contributions are very small, are 

also included in the H_latent term (kW/m2) in fig. 2(c) and later similar figures.  

 

Fig.2 (a) Temperature, (b) H2O concentration profiles and (c) Heat transfer contributions with respect to time at the 

interface 

   

The concentration and temperature profiles of different species in the liquid film are shown in fig. 3 

after 0.1 sec of contact time. 
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Fig.3 Concentration and temperature profiles in the liquid film at 0.1 sec for the NGCC case 

 

Concentrations of CO2, free MEA, MEAH+, and MEACOO- decrease as the one moves from 

the gas-liquid interface to the liquid bulk. It can be clearly seen that the concentrations vary only close 

to the interface and that the trends are opposite to the water profile. This is expected due to the 

inclusion of the volume correction factor in the model equations which will take into account the 

changes in concentrations due to evaporation and condensation. As the molar water concentration 

decreases, the molar concentrations of other species should increase and this is seen in the profiles. 

For the same case without the volume correction factor, all species profiles are the same except the 

free MEA which has the same trend as water because free MEA is depleted close to the interface due 

to reaction with free CO2. 

 

Coal-fired power plant flue gas case (C2): 

In this case, as seen from table 1, the difference between gas and liquid temperature at the 

absorber bottom is small compared to the NGCC case but the CO2 concentration is higher than in 

case C1. Concentration and temperature profiles are shown in fig. 4. Fig. 5 shows interface 

temperature, water concentration, and heat transfer contributions w.r.t. contact time. 

 



14 

 

(a)  

(b)  
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(c)  

(d)  

Fig.4 (a) Free CO2 (b) total MEA (c) H2O and (d) temperature profiles in the liquid film for case C2 
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Fig.5 (a) Temperature, (b) H2O concentration profiles and (c) Heat transfer contributions with respect to time at the 

interface for case C2. 

 

It is seen from fig. 4 and 5 that as soon as the gas and liquid comes in contact, due to the difference 

in partial pressure of H2O in the flue gas and saturation pressure of the liquid solution, condensation 

of water occurs. Because of the condensation of water, the liquid temperature increases from 316.5 

to 319 K rapidly within 0.03 seconds. The water concentration increases at the start and after a short 

while starts to decrease due to evaporation. The opposite behavior is seen in the total MEA 

concentration profile. With an increase in liquid temperature, the water saturation pressure increases 

above the gas phase water partial pressure, thereby causing evaporation of water. As the sensible heat 

transfer rate from gas to liquid and the latent heat transfer equilibrate, there is no change in the liquid 

temperature. 

 

Cement plant flue gas case (C3): 

To simulate the heat and mass transfer effects due to water evaporation and/or condensation at 

the absorber bottom (case C3) for an industrial application, flue gas data were taken from St. Marys 

Cement plant (Hassan, 2005). The CO2 concentration in the cement plant flue gas is very high (around 

27 vol. %) compared to natural-gas fired and coal-fired power plant cases. The flue gas from the 

cement plant is around 160°C and is cooled down to 40°C before it enters the absorber column at the 

bottom. The solvent is hotter than the flue gas in this case and the conditions are given in table 1. The 

concentration and temperature profiles for the cement plant case C3 are shown in fig. 6. 
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(a)  

(b)   

(c)  
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(d)  

Fig.6 (a) Free CO2 (b) total MEA (c) H2O and (d) temperature profiles in the liquid film for cement plant case C3 

 

It is observed from fig. 6 that evaporation of water occurs when the inlet gas is brought in contact 

with the liquid as the gas is unsaturated at the given liquid temperature. This leads to a rapid and 

significant liquid temperature drop from 330 K to below the gas temperature. Then, the driving force 

for water changes direction and condensation of water occurs. As can be clearly seen from the total 

MEA and H2O profiles at the interface, when the H2O concentration decreases during evaporation, 

the total MEA concentration rises and when condensation of H2O starts the total MEA concentration 

starts decreasing. The resulting model predictions are reasonable and according to what one would 

expect at the absorber bottom. From fig. 7, it is clearly seen that at the interface the H2O concentration 

drop is very steep initially, but after 0.015 sec of contact time, it starts to increase slowly due to 

condensation.  Regarding sensible and latent heat transfer it is seen that both sensible and heat transfer 

due to evaporation drop rapidly and become close to constant after a very short time. 

 

Fig.7 (a) Temperature, (b) H2O concentration profiles and (c) Heat transfer contributions with respect to time at the 

interface for case C3. 
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When comparing the three cases it is seen that depending on the water saturation in the flue gas 

and the temperatures of gas and liquid, the initial concentration and temperature profiles in the liquid 

will be very different. In case C1, only evaporation occurs all the time. In case C2 condensation takes 

place initially for a short time period and then evaporation starts. In case C3 the trend is exactly 

opposite to the trend in case C2 i.e., first evaporation takes place and later condensation. 

 

Reaction rates: 

The CO2 concentration in the flue gas and the solvent temperature and CO2 loading are different 

in the cases C1, C2, and C3. Hence the reaction rates will also be different in the three cases. For any 

given case, reaction rates given by equations (7) and (8) also vary with position and time. The ratio 

of reaction rates caused by water and MEA respectively,
_2 2

_2

CO H O

CO MEA

r

r
, at the absorber bottom is shown 

in fig.. 8 for all three cases studied. Due to evaporation, both concentrations of species and liquid 

temperature varies and hence the reaction rates also vary. Changes in the reaction rate ratio indicate 

a relative change in reaction rates given by equations (7) and (8). As the CO2 concentration profile is 

very steep and levels off very close to the interface in the liquid film, the reaction rate ratio profiles 

are shown in that region only. As seen from fig. (8), for any given case the degree of change is 

different for each reaction. For all the three cases C1, C2 and C3, the change in reaction rate given 

by equation (8) is higher than the change in reaction rate given by equation (7). For the NGCC case 

C1, the ratio of reaction rates
_2 2

_2

CO H O

CO MEA

r

r

 
 
 
 

 increases rapidly up to 0.05 sec and then becomes almost 

constant. In the case of cases C2 and C3, the ratio increases continuously throughout the whole contact 

time and the change in the reaction rate ratio is maximum for case C3. For case C2, the ratio is less 

than that of case C3 but still higher than that of case C1. Detailed reaction rate profiles with respect 

to time and position in the film are given in Appendix B. Due water evaporation, both temperature 

and water concentration decreases whereas the amine concentration increases. Due to the complex 

dependence of reaction rates on concentrations of MEA and H2O and the temperature, the reaction 

rates _ _2 2 2CO H O CO MEAr and r  have different impact. From fig. s (a)-(c) given in Appendix B, it can be 

seen that the reaction rate _2 2CO H Or is always higher than _2CO MEAr . As the degree of change in MEA 

and H2O concentrations and temperature is different in the cases C1, C2 and C3, the change in 

reaction rates is different for all these three cases. As the temperature drop is highest in case C3, the 

same is reflected in the reaction rate profiles. The individual reaction rates and the ratio of the reaction 
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rates gives an idea about the impact of the combined heat and mass transfer on the chemical reaction 

rates. This reaction rate ratio gives information about the relative importance of the chemical reactions 

under different process operating conditions and helps the modelers understand the complex 

interaction of different parameters on the overall process performance.  

 

(a) 

 

        (b) 

 

(c) 

Fig.8 Reaction rate ratio profiles for (a) case C1, (b) case C2 and (c) case C3. 

 

4.2 Heat and mass transfer effects in the absorber top section (cases 4 -5) 

 

In the top section of the absorber, where the hot gas meets incoming cold and lean solution, the 

flue gas is super-saturated with H2O and the CO2 concentration is small compared to in the bottom 
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section. Two cases have been considered to study the effect of water condensation on the heat and 

mass transfer in the top section of the absorber. The contact time zero (0 sec) corresponds to the 

condition at lean solvent inlet and increase in contact time represents the conditions moving from top 

towards the bottom section of the absorber. Conditions taken in the Case 4 correspond to the NGCC 

case and case 5 corresponds to the cement plant case. The lean loading of the solution is constant in 

both cases. The conditions are given table 1.  

 

NGCC case (case C4): 

 The concentration and temperature profiles are shown in fig. 9 below. Profiles at the interface 

are shown in fig. 10. It can be seen from fig. (9) and (11) that at the lean solvent inlet, condensation 

of water starts to happen and the water content increases. However, after about 0.015s the water 

concentration starts falling then again to increase after about 0.05sec. 

 

(a) (b)  

(c)  

Fig.9 (a) Total MEA (b) H2O and (c) temperature profiles in the liquid film for NGCC plant case C4 in the top section 

of the absorber 

We believe the reason for this behaviour is the simultaneous transfer of water and CO2 and the 

interaction between the interface and the inner parts of the liquid film. In Appendix a, the zoomed 

concentration profiles for water, total MEA and free MEA are given. The condensation of water is 

rapid and heat is released at the interface. In the model it enters into the boundary condition. The CO2 
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transferred reacts and then releases heat inside the liquid. As explained now in the last paragraph of 

section 4, this contribution is small and is, for most cases, overshadowed by, in particular, water 

condensation and evaporation. However, in case C4, the temperatures are well matched so the 

dominance of water condensation is not so large. Thus, what happens is that first water condensates 

rapidly, releasing heat at the interface and increasing the temperature. Simultaneously CO2 is 

absorbed, initially very rapidly as seen from Figure 10, but releases heat more slowly inside the liquid. 

The CO2-caused heat release close to the interface creates a more rapid rise in interface temperature, 

compared to what would have been the case if only water had condensed, and the water condensation 

rate is slowed down more rapidly than would have been the case without CO2 reacting. At the same 

time liquid internal gradients are built up and water transfers to the inner parts of the liquid and MEA 

in all forms is transferred toward the interface. Because of the lowering of the condensation rate, 

water will actually be removed from the interface and temporarily its concentration falls, and the total 

MEA concentration increases. Further out in time, the CO2 absorption rate decreases and loses its 

effect on the water transport, and the water condensation rate becomes larger than the removal rate to 

the liquid interior again. In the other cases, this effect is also there but is not visible because of the 

dominance of water condensation/evaporation. 

 

 

 

 

 

 

 

 

 

 

Fig.10 Flux profiles for water, CO2 and MEA for the interface NGCC plant case C4 in the top section of the absorber 
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Fig.11 (a) Temperature, (b) H2O concentration profiles and (c) Heat transfer contributions with respect to time at the 

interface NGCC plant case C4 in the top section of the absorber. 

 

Fig.12 Concentration and temperature profiles in the liquid film at 0.1 sec for the NGCC case in the top section of the 

absorber. 

 

The concentration and temperature profiles of different species in the liquid film are shown in 

fig. 12 at 0.1 sec of contact time. Concentrations of CO2, free MEA, MEAH+, and MEACOO- 

decrease close to the gas-liquid interface and H2O concentration increases due to condensation at 0.1 

sec. In case C4, even though the temperature difference between gas and liquid is very small, still the 

heat transfer effects are high due to condensation of H2O, but in this case also the reaction with CO2 

plays a role. 
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Cement plant case (case C5): 

The heat and mass transfer effects in the absorber top section were studied for the cement plant 

case with conditions given in table 1 for case C5. The 3-D profiles for concentrations and temperature 

are given as shown in fig. 13. 

(a)  

(b)  

(c)  

Fig.13 (a) Total MEA (b) H2O and (c) temperature profiles in the liquid film for cement plant case C5 in the top section 

of the absorber 

 

Interface profiles for temperature and water concentration and heat transfer contributions are 

shown in fig. 14. In the top section of the absorber, the temperature profile is opposite to the profile 

shown for case C3 at the bottom. The liquid temperature increases due to condensation of water and 

therefore water concentration increases and total MEA concentration decreases with time. It is 
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observed that at the absorber top for cement plant case (case C5), only condensation of water occurs. 

The rate of water condensation is high at the starting of gas-liquid contact and the temperature of the 

liquid increases rapidly up to 0.02 sec. The effect of concentration and temperature due to 

condensation on reaction rates ratio, is clearly seen in fig. (d) and (e) given in Appendix B. The 

reaction rates have opposite trends in absorber top section compared to the trends in absorber bottom 

section i.e., the ratio decreases in the starting of the gas-liquid contact and then becomes almost 

constant after 0.04 sec. It is also observed that reaction rate given by 
_2 2CO H Or  is higher compared to

_2CO MEAr . 

 

Fig.14 (a) Temperature, (b) H2O concentration profiles and (c) Heat transfer contributions with respect to time at the 

interface cement plant case C5 in the top section of the absorber. 

 

Absorber bottom pinch (C6): 

In the last case the gas and liquid temperatures are equal. The conditions are given in the table 1. The 

gas is considered to be over-saturated at the given liquid temperature and composition. The 

temperature, total MEA and water concentration profiles are given in fig. 15. 

 

(a)  
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(b)  

(c)  

Fig.15 (a) Total MEA (b) H2O and (c) temperature profiles in the liquid film for case C6 

 

It is seen that first condensation of water occurs and the liquid temperature increases above the gas 

temperature and then evaporation starts. Total MEA, H2O and temperature profiles show the same 

trends as seen in case C2. Due to the liquid temperature rise, the equilibrium at the gas –liquid 

interface changes and the equilibrium CO2 pressure becomes higher than the CO2 partial pressure in 

the gas phase. As the CO2 driving force direction changes, CO2 desorption takes place.  

Interface temperature, H2O and sensible and latent heat contribution profiles with respect to time are 

shown in fig. 16. As seen from fig. 16, condensation and liquid temperature increases rapidly. The 

temperature becomes constant as the convective heat transfer and latent heat transfer become equal 

but opposite in direction.  
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Fig.16 (a) Temperature, (b) H2O concentration profiles and (c) Heat transfer contributions with respect to time at the 

interface for case C6 

 

In case C6, initially absorption of CO2 occurs and leads to desorption of CO2 in the absorber bottom, 

which again reverts to absorption further up.  

 

The effect of condensation and evaporation  

In the previous sections we have seen that the time scales for thermal and component transport 

in the liquid phase are widely different. Heat is transferred very fast, giving practically flat 

temperature profiles in the liquid, whereas the transferring components create steep gradients close 

to the interface making the interface concentrations change rapidly. This can have an effect on the 

CO2 mass transfer rate. In order to evaluate the studied effects of inclusion of evaporation and 

condensation phenomena on the CO2 mass transfer rates, the CO2 transfer, over the first 0.1 sec., for 

all cases was calculated and compared with cases without the inclusion of evaporation and 

condensation.  For the industrial cases, it was seen that the change (decrease) in the CO2 mass transfer 

flux is highest for case C1 and the change is about 5%, which is a significant decrease. The change 

in CO2 flux is less than 1% for the four other industrial cases. In case 6, a situation resembling an 

absorber bottom pinch, was simulated. In this case the CO2 flux sign changes and desorption occurred 

when taking the evaporation and condensation effects into account, whereas, without these effects, 

absorption was predicted. Also, the individual case fluxes after 0.05 sec. were compared and here we 

see that the largest effects were found when the driving forces and initial fluxes were large. In Case 
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3, with large initial flux, the flux without taking evaporation and condensation into account was only 

half the flux with these effects accounted for. In the other cases the differences were smaller. 

Thus, there is change in reaction rates due to evaporation and condensation of water in the 

absorber column both at the bottom and top sections. The change in mass transfer rates gives rise to 

steep and rapidly changing interfacial concentration gradients. For most of the industrial cases these 

gradients did not significantly affect the absorption rate of CO2. However, for the extreme case of 

warm unsaturated exhaust from an NG fired plant, case 1, and for the near pinch situation, case 6, 

significant changes to the CO2 absorption rates were found.  

Both CO2 latent heat and MEA evaporation latent heat are small compared to the latent heat 

transfer due to evaporation of water. MEA evaporation counts for less than 1% of the total latent heat 

transfer and CO2 latent heat due to transfer from gas to liquid is less than 5% (maximum 5% in case 

C2) of the total latent heat transfer. Also the heat of absorption is found to play a small role in the 

initial temperature change. It is basically the water evaporation and condensation that dominates. 

In the present study, the effect of convective flux in the gas phase due to evaporation and 

condensation was not considered and will be studied in future work and it is believed that taking this 

into account may have a larger influence on the CO2 fluxes than the concentration effects studied in 

the present paper.  

 

5 Conclusions 

 

A combined heat and mass transfer model has been developed in this work. The effect of transfer 

of components (MEA, H2O, CO2) from one phase to another (gas to liquid and vice versa) on the 

concentrations of species in the liquid phase was included in the model. Six different cases were 

considered to understand the degree of impact on heat and mass transfer by condensation and 

evaporation of H2O. The model predictions gave reasonable profiles for both condensation and 

evaporation cases. Significant temperature effects were seen both in water evaporation and 

condensation cases at the bottom and top sections of the absorber column. It was seen that the liquid 

temperature rise depends on the water saturation level in the gas phase at the given liquid temperature 

and the difference between gas and liquid temperatures. The reaction rates vary due to both 

evaporation and condensation of water. The temperature change due to evaporation or condensation 

of water happens very rapidly. In some cases, it is seen that initially the process starts with evaporation 

of water and switches to condensation due to temperature drop below the saturation temperature and 

vice versa. In the case simulating absorber pinch, it was seen that initially the process starts with 

absorption of CO2 but rapidly shifts to desorption of CO2 as the driving force decreases due to liquid 
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temperature rise above the gas temperature when condensation and evaporation of water was taken 

into account. The temperature profiles are uniform throughout the liquid film at a given time but 

concentration gradients are seen close to the gas-liquid interface for all cases. From the detailed 

temperature, concentrations and reaction rates profiles, it is found that solution of the model equations 

is only required up to 10 µm distance from the interface (approximately 3% of liquid film thickness). 

This information can be used in the full-scale CO2 absorption process simulators so that the interface 

transfer models can incorporate the heat-transfer effects in addition to the mass transfer and chemical 

reactions. Although the effect of evaporation and condensation was seen to have significant effect on 

interface concentrations and temperatures, changes in the CO2 flux were found to be small for most 

cases. However, a 5% change was seen for NGCC case and for the near pinch conditions, a reversion 

of the CO2 transfer was found. 
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Appendix A1 (NGCC case) 

 

(i) Zoomed total MEA profiles from case C1 

 

 

(ii) Zoomed total MEA profiles from case C1 
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(iii) Zoomed H2O profiles from case C1 

 

 

 

(iv) Zoomed temperature profiles for case C1 
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(v) Zoomed H2O profiles from case C4 

 

(vi) Zoomed total MEA profiles from case C4 

 

(vii) Zoomed free MEA profiles from case C4 
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Appendix B  

At the absorber bottom: reaction rates profiles 

 

(a) Case C1: NGCC case 

 

(b) Case C2: Coal-fired power plant case 

 

(c) Case C3: Cement plant case 

In the absorber top: reaction rates profiles 
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(d) Case C4: NGCC case 

 

(e) Case C5: Cement plant case 

 


