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Abstract 

Numerous technologies have been developed to reduce the amount of CO2 released to the 

environment via combustion processes. A promising process named the C-3 process uses micron 

size water droplets to remove contaminants (e.g., CO2, NOx, SOx, and Hg) from flue gas. However, 

the mechanisms for capturing CO2 using this relatively simple water-droplet-based process are not 

fully explained or understood. This work uses mathematical models to explore possible 

mechanisms for capturing CO2 by high-velocity water droplets with large surface-area-to-volume 

ratio. 

Several capture mechanisms are identified based on a literature review including: i) dissolution of 

CO2 in liquid water, ii) formation of H2CO3 and its ions, iii) adsorption of CO2 on the droplet 

surface, and iv) congregation of H2CO3 inside the droplet surface. A preliminary mathematical 

model is developed to study the importance of the proposed mechanisms, with the droplet surface 

treated as a region where CO2 and related species can accumulate. In addition, a more complex 

model that includes two additional phenomena: i) heat transfer from flue gas to water droplet and 

ii) shrinkage of the droplet due to water evaporation are also developed to explore the influences 

of these phenomena on the CO2 capture process. 

Simulation results reveal that equilibrium absorption following Henry’s law is insufficient to 

account for the relatively large quantities of CO2 (~27 g CO2/kg water) that have been absorbed in 

a demonstration unit, suggesting that surface adsorption/absorption effects are important. 

Adsorption/absorption of CO2 and H2CO3 at the droplet interface could explain the high observed 

levels of CO2 removal, if unknown partition coefficients KIL,CO2
and KIL,H2CO3

 are as large as 0.01 

m and 0.1 m, respectively, or if the mean droplet diameter is smaller than 5 µm. Simulation results 
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predict that the amount of CO2 captured increases as temperature and water droplet size decrease. 

Velocity of the water droplet is important when heat effects are considered in the simulations 

because high-velocity water droplets are predicted to shrink faster than stationary droplets. 

Droplets can either shrink or grow depending on the temperature and composition of the 

surrounding flue gas, which will change with position in the C-3 process.  
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Chapter 1 :  Introduction  

1.1 Background 

The concentration of greenhouse gases (GHGs), such as, carbon dioxide (CO2), methane (CH4), 

and nitrous oxide (N2O), has increased rapidly since 1750. Among the GHGs, the concentration 

of CO2 is determined to increase at highest rate in the period of 2002 to 2011. The main source of 

the rapidly increase in concentration of CO2 is from human activities including industrial 

processes, forestry and other land use [1]. The contribution of the human activities to the global 

CO2 emission is shown in Figure 1.1 

 

Figure 1. 1: Global anthropogenic CO2 emission [1] 

It can be seen that most of the anthropogenic CO2 emission is from industrial processes (fossil 

fuels, cement and flaring). Intergovernmental Panel on Climate Change reported that 78% of the 

total GHGs emission increase from 1970 to 2010 is CO2 produced from fossil fuel combustion and 

industrial processes. The CO2 emission reached 32 GtCO2/year in 2010 with the rate of 2-3% from 

2010 to 2012. This dramatically increase of the concentration of GHGs is the main reason of the 

increase in global surface temperature or global warming [1]. The consequences of global warming 
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force the industrial processes to develop technologies which can reduce the amount of CO2 

released to the atmosphere. There are different methods of reducing CO2 emission [2]: 

• Increase energy efficiency and conservation 

• Use of clean fuels (low carbon contents fuel) 

• Use of renewable energy (solar, wind, wave, hydro power) 

• Afforestation and reforestation 

• Carbon capture and storage (CCS) 

Among the above methods, CCS is widely used in existing industrial processes with the capacity 

of capturing or reducing approximately 90% of CO2 emission from waste gas stream [2]. In CCS, 

the captured CO2 can be stored in geological formations or used in various applications including 

as a feedstock to produce ammonia, urea, alcohol, carboxylic acids, organic and inorganic 

carbonates, and dimethyl ether. Mineral carbonation is another approach where CO2 reacts with 

calcium and magnesium silicate to form solid carbonates [2]– [4]. For capturing CO2 from 

combustion gas, three main technological approaches have been considered: post-combustion, pre-

combustion and oxyfuel combustion. Moreover, in each technological approach, various processes 

can be used to separate CO2 including: absorption, adsorption, cryogenic, membrane separation, 

hydrate-based separation, and chemical looping as shown in Figure 1.2. All the CO2 capture and 

separation technologies are discussed in more detail in the next section. 
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 Figure 1. 2: CO2 capture technological routes [5]  

1.2 Alternative carbon dioxide removal systems 

1.2.1  Post-combustion carbon dioxide capture  

The post-combustion process is used to capture low-concentration CO2 (less than 15%) in the flue 

gas which is produced from combustion and it is applied in natural gas-fired and coal-fired power 

plants. Several technologies have been developed to capture or separate CO2 from flue gas stream, 

for example, absorption, adsorption, membranes, cryogenics, and hydrate-based separation [6]. 

More details about the CO2 separation technologies are discussed in section 1.2.4. 

1.2.2  Pre-combustion carbon dioxide capture 

In the pre-combustion process, the fuel is pretreated before the combustion reactions occur. For 

this approach of CO2 capture, Integrated Gasification Combined Cycle is used in coal-gasification 

plants. In this process, coal is used to produce synthesis gas (syngas) through gasification. The 

syngas is converted into CO2 and H2 in a shift converter using steam. The CO2 is then separated 

from H2 using various technologies. Subsequently, the H2 is burned in the air to produce N2 and 

water vapour [2] [7]. 

CO2 Separation Technology

Absorption

Post-combustion

Adsorption

Cryogenic

Pre-combustion

Membrane Separation

Hydrate-based Separation

Oxyfuel combustion

Chemical Looping Combustion

CO2 Capture Technology
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1.2.3  Oxyfuel combustion carbon dioxide capture 

In oxyfuel combustion, oxygen is used for combustion instead of air to reduce the amount of 

nitrogen in the flue gas. By using pure oxygen for the combustion, the flue gas obtained after the 

combustion contains mainly CO2, H2O, SO2 and particulate. SO2 and particulate are then separated 

using desulfurization methods and electrostatic precipitator, respectively. The remaining 

concentrated CO2 gases can be compressed, transported, and stored [2]. Table 1.1 shows the 

advantages and disadvantages of the CO2 capture technologies mentioned above. 

Table 1. 1: Comparison of alternative CO2 capture technologies [2] [7] 

Technology Advantages Disadvantages 

Post-combustion • Most mature technology 

• Retrofit existing plants easily 

• Low CO2 concentration which 

leads to high costs is needed to 

reach the required concentration 

for transport and storage of CO2 

• Capture efficiency may also be 

affected by low CO2 concentration 

• CO2 produced at low pressure 

Pre-combustion  • Fully developed technology 

• High efficiency for high CO2 

concentration system 

• Retrofit existing plants 

• High CO2 pressure: 

➢ High driving force for 

separation 

➢ Reduce size, cost of capture 

facilities 

• High energy required for sorbent 

regeneration 

• High capital and operating costs 
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Oxyfuel 

combustion 

• Volume of gas to be treated is 

reduced, that leads to lower 

equipment size 

• Produced highly concentrated 

CO2 mixture 

• High cost for cryogenic O2 

production 

• High energy penalty 

• Corrosion may occur 

 

1.2.4  Carbon dioxide separation technology 

Different CO2 separation technologies can be used to separate CO2 from fuel or flue gas stream in 

the above CO2 capture technological approaches. The separation technologies are discussed and 

compared in this section. 

Absorption  

Absorption is the most mature technology for separating CO2 in which liquid sorbent is used to 

capture CO2 in the gas stream. Absorption processes can be categorized as chemical absorption or 

physical absorption. Chemical absorption is preferred to separate CO2 at low concentration (<15%) 

and physical absorption is the preferred technology for high CO2 concentration stream [3]. 

Amine-based sorbent, such as, monoethanolamine (MEA), diethanolamine, and sterically hindered 

amine are widely used in chemical absorption process [2] [5] [8]- [14]. Typically, in this process, the 

gas stream containing CO2 is sent to an absorption tower where CO2 is captured by reacting with 

the sorbent. After reacting with CO2, the sorbent is regenerated by heating (stripping) to reverse 

the reaction with CO2 and release CO2, which then can be compressed, transported, stored, or used. 

General reaction schemes between amine-based sorbent and CO2 along with a typical process flow 

diagram of this process are shown below: 
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2RR′NH + CO2 ⇌ RR′NCOO− + RR′NH2
+    1.1 

RR′NCOO− + H2O ⇌ RR′NH + HCO3
−    1.2 

RR′R′′N + H2O + CO2 ⇌ HCO3
− + RR′R′′NH+   1.3 

Absorber

Stripper

Condenser

CO2-Rich 

Amine Pump

Lean Amine Pump

Flue Gas

Exit Gas 

(Rich in N2, O2)

Reflux Drum

CO2

Reboiler

Steam

 

Figure 1. 3: Amine-based process for CO2 separation [12] 

The first two reactions are the reactions of primary or secondary amine-based sorbent with CO2 

while the third reaction is for tertiary amine-based sorbent. Beside amine-based sorbents, inorganic 

sorbents including potassium, sodium carbonate, and aqueous ammonia are alternative chemical 

sorbents for this process [7] [11]. For the CO2 chemical absorption process, there are four coal-fired 

plants using 20% MEA, more than 20 gas-fired and coal-fired plants using 30% MEA, and at least 

10 plants using sterically hindered amine in 2009 [14]. 

In physical absorption, Rectisol® (Methanol), SelexolTM (Dimethyl Ethers of Polyethylene Glycol), 

Purisol® (n-methyl-2-pyrolidone), Morphysorb® (Morpholine) and Fluor SolventTM (Propylene 
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Carbonate) are used as physical sorbents. CO2 in the gas stream is physically absorbed in the 

sorbent under high pressure and low temperature. The sorbent carrying CO2 can be regenerated by 

heating or depressurization to release and produce a nearly pure CO2 stream [8] [11]-[13] [15].  

Furthermore, CO2 can also be separated from the flue gas stream by spraying fine water droplets 

into flue gas stream as in the C-3 process developed by Eco Power Solutions Corporation. The 

main focus of this study is mathematical modeling of CO2 absorption by the C-3 process which is 

discussed in detail in Chapter 2. 

Adsorption   

For adsorption process, molecular sieves, activated carbon, zeolites, calcium oxide, magnesium 

oxide, hydrotalcites, and lithium zirconate can be used as solid sorbent to capture CO2 
[3] [11] [16]. In 

the adsorption process, the CO2 is adsorbed on the solid sorbent surface at high pressure. 

Subsequently, the sorbent is depressurized to liberate CO2 back to the gas phase [9]. For example, 

the adsorption and desorption reactions of calcium oxides and magnesium oxide with CO2 are 

shown below [16]: 

Adsorption reactions: 

CaO + CO2 → CaCO3     1.4 

MgO + CO2 → MgCO3    1.5 

Desorption reactions: 

CaCO3  → CaO + CO2    1.6 

MgCO3  → MgO + CO2    1.7 
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Cryogenic separation 

Cryogenic separation process comprises of conventional cryogenic methods (vapour-liquid-based 

distillation and extractive distillation) and nonconventional cryogenic methods (solid vapour 

desublimation-based separation, condensed contaminant centrifugal separation, and sterling 

coolers) and hybrid technology [17]. In cryogenic separation, CO2 is separated under extremely low 

temperature and produce liquid CO2 which is easily transported, stored, or used [18]. 

Membrane separation  

Gas separation membranes and gas absorption membranes are the two types of membranes that 

can be used to separate CO2. In gas separation membranes, the flue gas comes in contact with the 

membrane where CO2 permeates through the membrane while the remaining gases pass by the 

membrane. The driving force of this process is the concentration and pressure gradient of CO2 on 

both sides of the membrane. In gas absorption membranes, CO2 diffuses through the membrane as 

the same as that in the gas separation membrane, however, CO2 is removed using absorption liquid 

on the other side of the membrane [11].  

Chemical looping combustion 

Chemical looping combustion is a relatively new technology for separating CO2 from fuel stream 

before the combustion occurs [11]. This process includes two main reactors where the following 

two reactions occur: 

    CH4 + 4MeO → CO2 + 2H2O + 4Me   1.8 

 Me + ½O2 → MeO     1.9 
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In the first reactor, metal oxide reacts with fuel to produce CO2, H2O and solid metal (reaction 

1.8). The solid metal is then sent to the second reactor where the metal is re-oxidized using air 

(reaction 1.9). The H2O in the gas product stream from reaction 1.8 is condensed to produce a pure 

CO2 stream, which can be transported, stored or used [5] [7] [11]. This is a promising technology for 

separating CO2, however, more research and development are required before it can be used in 

large-scale industrial plants [2] [10]. 

Hydrate-based separation 

Hydrate-based separation is also a new technology which is under research and development. In 

this process, CO2 is captured by forming gas hydrates when the gas stream is exposed to water 

under high pressure. Gas hydrates are crystallized compounds which is formed when gas 

molecules (CO2, CH4, N2, and H2) are caged within hydrogen-bonded water molecules [19]. The 

hydrate slurry formed is separated from the remaining gases and it is sent to a dissolution reactor 

where CO2 is released from the hydrate slurry [20]. In order to increase the CO2 removal efficiency, 

Tetrahydrofuran is used to reduce the hydrate formation pressure [2] [10] [21]. Similar to chemical 

looping combustion technology, further research and development is required before hydrate-

based separation technology can be used in industrial plants [2]. A process flow diagram of hydrate-

based separation is shown in Figure 1.4. Table 1.2 summarizes the advantages and disadvantages 

of the discussed CO2 separation technologies. 
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Hydrate Formation

Reactor
Dissolution

Reactor

Separator

Flue Gas
Gases

&

Hydrate

Slurry

Hydrate

 Slurry

CO2-Lean Gas Pure CO2

CO2-Rich Gas
 

Figure 1. 4: Hydrate-based separation process flow diagram [20] 

Table 1. 2: Advantages and disadvantages of CO2 separation technologies [2] [10] [17] [20]-[23] 

Technology Advantages Disadvantages 

Absorption • High removal efficiency (>90%, 

typically) 

• Regenerate sorbent through 

heating and depressurization 

• Most developed technologies for 

CO2 separation 

• Efficiency depends on CO2 

concentration 

• High heat/energy requirement for 

absorbent regeneration 

• Sorbent degradation may have 

environmental impacts 

• Sorbent consumption via 

degradation reactions 

• Equipment corrosion due to reaction 

with sorbent 

Adsorption • High removal efficiency (>85%, 

typically) 

 

 

• Adsorbent must withstand high 

temperature 

• High energy requirement for CO2 

desorption 

• Slow adsorption rate 
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Cryogenic • High removal efficiency (90 – 

95%, typically) 

• No chemical absorbent, make up 

water, process heating systems 

are required 

• Can be operated at atmospheric 

pressure 

• Produces liquid CO2 

• Low potential for corrosion  

• Operational problems: 

➢ Requires removal of water from 

flue gas to prevent ice plugging 

and pressure drop 

➢ Process efficiency can be affected 

by the increasing layer of solid 

CO2 on equipment surfaces 

• High energy consumption 

Membranes • High removal efficiency (>80%, 

typically) 

• Low cost 

• Low energy required 

• Operational problems:  

➢ Low fluxes  

➢ Fouling 

• Cannot operate at high temperatures 

Chemical 

Looping 

Combustion 

• Low cost 

• Low energy consumption 

• More investigations, studies are 

required 

Hydrate-

based 

Separation 

• High removal efficiency (>95%) 

• Low energy consumption 

• Low operational temperature (273 

– 283 K) 

• Low potential for corrosion 

• Large footprint 

• High operational pressure 

• More investigations, studies are 

required 
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1.3 Research objectives 

The research in this thesis focuses on CO2 removal via the C-3 process, which uses very small 

water droplets to capture CO2 from flue gas. The objectives of this research are: 

• To identify possible CO2 capture mechanisms of the C-3 process. 

• To develop dynamic mathematical models for studying the importance of the proposed 

mechanisms/phenomena in capturing CO2.  

Chapter 2 focuses on several CO2 capture mechanisms including: i) dissolution of CO2 in water, 

ii) conversion of CO2 to H2CO3 and its ions, iii) adsorption of CO2 on the water droplet surface 

and iv) congregation of H2CO3 just inside the droplet surface. A preliminary equilibrium 

calculation is performed to predict the amount of CO2 captured via the proposed mechanisms at 

equilibrium. Then a mathematical model is developed to study the dynamics of the CO2 

adsorption/absorption process via these mechanisms. A sensitivity analysis is performed to 

investigate the influences of several parameters on the CO2 removal process. In addition, this 

chapter also contains a literature review on other phenomena that may be important in capturing 

CO2. 

In Chapter 3, a more complicated model that includes the effects of two additional phenomena 

(heat transfer and water droplet shrinkage) is developed. The influences of several additional 

parameters associated with the heat effects are also studied via a sensitivity analysis. In addition, 

suggestions for future modelling work that account for more advanced phenomena are provided in 

this chapter. 

Chapter 4 summarizes the results obtained/explored via the proposed models in Chapter 2 and 

Chapter 3. Contributions of this work and recommendations for future work are also discussed. 
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Chapter 2 : Mathematical modelling of CO2 removal using micron-size 

water droplets1 
 

Abstract 

A recently developed commercial process uses micron-size water droplets to remove CO2, NOx 

and SOx from flue gas, resulting in higher amounts of CO2 removal than would be predicted using 

Henry’s law. Several CO2 capture mechanisms have been identified including: i) bulk dissolution 

of CO2 in liquid water, ii) conversion of CO2 to H2CO3 and its ions via chemical reaction, iii) 

adsorption of CO2 at the droplet surface, and iv) congregation of H2CO3 at the droplet surface. A 

dynamic mathematical model is developed to study the importance of these phenomena, with the 

droplet surface treated as a region where CO2 and related species can accumulate. Simulations 

reveal that the equilibrium amount of CO2 removed per unit mass of water droplets increases with 

decreasing temperature and water droplet size. Surface adsorption/absorption effects are important 

and can explain the high levels of CO2 removal that have been observed, if unknown interfacial 

partition coefficients for CO2 and H2CO3 are as large as 0.01 m and 0.1 m, respectively, or if the 

mean droplet diameter is smaller than 5 µm.  

  

                                                 
1 The work in this chapter has been prepared for submission to the Canadian Journal of Chemical 

Engineering. McAuley, K.B. and Tran, N.H. will be co-authors of this journal article.  
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2.1 Introduction 

An increase in amounts of green house gases in the atmosphere is the main reason for global 

warming [1]. The consequences of global warming motivate combustion-based industries to 

develop technologies to reduce emissions of green house gases, especially CO2. Different methods 

for reducing CO2 emissions are being considered, including carbon capture and storage (CCS), 

which has shown promise for adoption in existing industrial processes, with the potential to capture 

approximately 90% of CO2 emissions from combustion gas streams [2]. In CCS, the captured CO2 

can be stored in geological formations or used in various applications including as a feedstock to 

produce ammonia, urea, alcohols, carboxylic acids, organic and inorganic carbonates, and 

dimethyl ether. Mineral carbonation is another approach where CO2 reacts with calcium and 

magnesium silicate to form solid carbonates [2]- [4]. 

In CCS, three main technological approaches have been considered for capturing CO2 from 

combustion gas: pre-combustion, oxyfuel combustion, and post-combustion. In the pre-

combustion approach, a fuel is pretreated before the combustion reactions occur, requiring high 

capital and operating costs [2] [5]. In oxyfuel combustion, oxygen is used for combustion instead of 

air to greatly reduce the amount of N2 in the flue gas so that CO2 can be separated from H2O by 

condensation. The main disadvantages of this approach are the high cost of O2 production and high 

energy penalty [2] [5]. The post-combustion approach is used to capture low-concentration CO2 (less 

than 15 mol %) in flue gas that is produced from regular combustion using air [3]. Due to the low 

concentration of CO2 and the high concentration of N2 in the flue gas, high efficiency of CO2 

removal (> 95.5 %) leads to a high energy penalty [2]. However, this approach is preferred because 

it can be readily applied to remove CO2 from flue gas arising from existing coal and gas-fired 

power plants [2] [5]. 
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Using the post-combustion approach, many processes have been proposed to separate CO2 from 

flue gas including absorption by amine-based and inorganic solvents [2] [5]- [7], adsorption on solid 

sorbent surfaces [3][6], cryogenic separation [2], membrane separation [2], hydrate-based separation 

[2] [7], chemical looping combustion [5], and the C-3 process described in the current article, which 

uses micron-size water droplets to capture CO2 from flue gas [8]- [10] as shown in Figure 2.1. 

Flue Gas 

Diluted with Air

Packing
Mist 

Eliminator

Activated 

Carbon 

Filter

O3 Injection
First Fog Stage

H2O and H2O2

Second Fog Stage

H2O

Condensate

Reactor Module

Clean Flue Gas

with Residual CO2

 

Figure 2. 1: Simplified schematic diagram of C-3 process [8] [9]
 

This technology was originally designed for removal of a variety of pollutants (i.e., NOx, SOx, and 

Hg) and for heat recovery from flue gas. However, the inventors found that substantial CO2 

removal also occurs. The process converts NOx into water-soluble compounds using ozone. Fine 

water droplets with dilute hydrogen peroxide are then injected to remove NO2, SOx and a portion 

of the CO2 from the flue gas. A packing section and a mist eliminator are used to coalesce the 

acidic droplets. This process operates at atmospheric pressure and temperatures from 30 °C to 125 

°C and was able to remove greater than 95% of the NOx and SOx and 30-50% of the CO2 from flue 

gas generated by coal combustion [8]. Experimental results showed that the amount of CO2 removed 

increases as flue gas velocity decreases and water injection rates increase [8] [9]. Removal of 50% 

of the CO2 from the flue gas corresponds to absorption of approximately 27 g of CO2 per kg of 

water added to the first and second fogging stages of the process [11].  At present, it is not clear why 
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such a large fraction of the CO2 can be successfully removed from the flue gas using this relatively 

simple water-droplet-based process. Note that Davies and Turner [12] also reported that fine water 

droplets could remove up to 50% of CO2 from flue gas using a related approach.  

The most obvious mechanism for CO2 capture is dissolution of CO2 within the water droplets. The 

solubility of CO2 in water is governed by Henry’s law:  

xCO2
H = yCO2

P     2.1 

which is valid for liquid phase CO2 concentrations up to 2 mol % [13]. Experiments have been done 

to develop correlations for Henry’s law coefficient as a function of temperature [14]- [21]. Henry’s 

law can be used to calculate a vapour-liquid partition coefficient KVL to describe the equilibrium 

relationship between molar concentrations of CO2 in liquid phase [CO2]L and vapour phase [CO2]V 

[14]: 

     KVL,CO2
=

[CO2]V

[CO2]L
     2.2 

Dissolved CO2 in water can react with H2O to form H2CO3 and its ions. For a system with pH < 7, 

the following reaction scheme applies [22]-[24]: 

    CO2(aq) + H2O 
k1

⇌
k−1

 H2CO3(aq)    2.3 

H2CO3 (aq) 
K2

⇌ HCO3
−(aq)  + H+(aq)   2.4 

HCO3
− (aq) ⇌ CO3

2− (aq) + H+(aq)     2.5 
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This reaction scheme was studied by Soli and Byrne [24] and Wang et. al. [22] who determined rate 

constants and equilibrium constants over temperature ranges from 15 °C to 33 °C and 7 °C to 43 

°C, respectively.  

Another way that CO2 could be captured by micron-size water droplets is by adsorption on the 

outer surface of the droplet. To my knowledge, no experimental or modelling studies have been 

performed to quantify the amount of CO2 that could be captured in this way. However, adsorption 

of a variety of other chemical species on water surfaces has been studied [25]-[34]. As shown 

schematically in Figure 2.2, volatile species adsorb on the outer surface of the droplet and then 

diffuse toward the droplet centre. 

Surface-adsorption layer 

of volatile compounds

Liquid-phase 

diffusion

Gas-phase 

diffusion

 

Figure 2. 2: Schematic diagram of volatile compound adsorption and absorption by small water 

droplet [28] 
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The amount of a volatile species S that can be adsorbed at equilibrium has been studied for a 

variety of species using an interface-liquid partition coefficient KIL
 [26] [32]

:  

KIL,S =
Concentration of S adsorbed at the interface (mol/cm2)

Concentration of S dissolved within the water droplet (mol/cm3)
=

[S]I

[S]L
  2.6 

Hoff et at. [26] correlated KIL (in cm) at 25 °C with the saturation concentration for a large number 

of species dissolved in water: 

KIL,S = 10(−8.58−0.769log[S]L
sat−2)    2.7 

where [S]L
sat is the hypothetical concentration of species S in the liquid phase that would be in 

equilibrium with pure S vapour at the saturation pressure PS
sat. To obtain [S]L

sat, Hoff et. al. used 

the vapour-liquid partition coefficient:  

KVL,S =
[S]V

sat

[S]L
sat =

PS
sat/RT

[S]L
sat     2.8 

with PS
sat obtained from the Antoine equation. Results from these experimental and correlation 

studies reveal that the amount of the volatile species adsorbed per unit mass of water increases 

markedly as the size of water droplet decreases (due to increased surface area per unit volume) [27] 

[28] and as temperature decreases [27] [29] [33]. 

Another potential mechanism that may account for capture of additional CO2 by small water 

droplets is the propensity of acidic species to congregate just inside the vapour-liquid interface. 

Several X-ray photoelectron spectroscopy studies show that carboxylic acids appear at much 

higher concentrations (e.g., by a factor of 63 for decanoic acid) in a very thin layer near the 

interface compared with their concentrations in bulk water [35]- [39]. Also, two studies note that there 

is a higher propensity for carboxylic acid molecules to preferentially absorb at the interface when 

the concentration of acid is low in the bulk water droplet, because of the relatively higher 

availability of surface absorption sites [35] [37]. The situation is further complicated by the fact that 
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the equilibrium dissociation of carboxylic acids into ions may be different near the interface than 

in the bulk water [29] [36]. To my knowledge, no experimental studies have been performed 

specifically related to the behaviour of H2CO3 and its ions near the water surface.  

Several other potential mechanisms may contribute to enhanced CO2 removal in the C-3 process: 

i) gas-phase reactions that lead to the formation of H2CO3; ii) surface reactions that form H2CO3 

at the vapour-liquid interface and iii) congregation of dissolved CO2 molecules on the liquid side 

of the droplet interface. Several research groups have used molecular dynamics simulations to 

study the gas-phase reaction of CO2 with water [40]- [44]. They found that reaction of CO2 with a 

single water molecule is far less favoured than reaction of CO2 with gas-phase water clusters of 

size n where n = 2, 3 or 4: 

CO2 + nH2O ⇌ H2CO3 + (n − 1)H2O   2.9 

because water has a catalytic effect on formation of H2CO3. Water clusters are known to form in 

the gas phase via hydrogen bonding, as are CO2(H2O)n complexes [45]- [47]. Hydrated H2CO3 that 

forms in this manner may adsorb on the outer surface of the water droplets in the C-3 process, 

leading to enhanced CO2 removal rates and enhanced equilibrium adsorption. Another recently 

proposed phenomenon that may enhance CO2 removal occurs when vibrationally excited gas-

phase CO2 molecules collide with the surface of water droplets and react to form H2CO3 (and its 

ions) [48].  In addition, Galib and Hanna [49] have suggested that H2CO3 dissociates faster at the 

interface than in the bulk liquid, which further complicates the situation. Furthermore, within the 

aqueous phase, dissolved CO2 has been shown to behave as a hydrophobic solute [50] [51], which 

may, like other hydrophobic solutes, tend to congregate in the liquid phase near the water droplet 

surface. Finally, since H2CO3 is neither a mono- nor dicarboxylic acid [52] it may not behave 

similarly to carboxylic acids in the aqueous phase and may have a greater propensity than 
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carboxylic acids to congregate at the water/vapour interface. In summary, complex mechanisms 

related to interactions between CO2 and water surface are not yet well understood. In a recent 

review article, Taifan et. al [53] concluded that “the actual mechanisms of the incorporation of CO2 

into the fluid phase continue to be elusive. Most particularly, the air/water interface plays a 

primordial role in this process”. Consequently, further experimental investigation is required to 

better understand the potential importance of these various phenomena during CO2 capture via 

small water droplets.  

Because the capture of CO2 by small water droplets is a dynamic rather than equilibrium process, 

it is important to account for associated mass and heat-transfer phenomena when modeling the C-

3 process. Heat and mass transfer have been studied within the gas phase, within the liquid phase 

and at the vapour-liquid interface. For transfer in the gas phase to a liquid surface, many 

correlations for predicting Nusselt number Nu and Sherwood number Sh have been developed. 

For example, the correlations of Ranz and Marshall: [54] 

Nu = 2 + 0.6Re
1

2Pr
1

3     2.10a 

     Sh = 2 + 0.6Re
1

2Sc
1

3     2.10b 

have been widely used in various studies on heat and mass transfer to or from non-vaporizing 

droplets or bubbles [55]- [58].  Equations 2.10a and 2.10b can be used to calculate the convective heat 

transfer coefficient hV and convective mass transfer coefficient kmS,VL of species S in the vapour 

phase using the droplet diameter dd,thermal conductivity kV and gas-phase diffusivity DS of 

species S using appropriate expressions for the Nusselt number Nu = 
hV dd

kV
, Prandtl number Pr = 

μV/ρV

kVMV/(ρV CpV
)
, Sh =  

kmS,VL dd

D𝑆
, Schmidt number Sc = 

μV

ρV D𝑆
 and Reynolds number Re = 

ρV uV dd

μV
 

[59]. For a system that has low Reynolds number, alternative correlations are recommended:  
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Nu = 1 + (1 + RePr )
1

3 f(Re)    2.11a 

Sh = 1 + (1 + ReSc )
1

3 f(Re)    2.11b 

where f(Re) = 1 for Re ≤1 and f(Re) = Re0.077for Re ≤ 400 [57] [60]. Abramzon and Sirignano [60] 

introduced correction factors for Nu and Sh, that take into account the effects of Stefan flow in the 

gas phase (the flow caused by evaporation, absorption, and/or adsorption of chemical species) on 

heat and mass transfer involving an evaporating droplet. As a result, they may be useful for 

predicting heat transfer and water mass transfer in situations where there is significant water 

evaporation from the droplets during CO2 absorption. To my knowledge, no experimental studies 

have been performed to determine vapour-side heat or mass-transfer coefficients during CO2 

adsorption or absorption by small water droplets. 

Several experimental studies determined liquid-phase mass-transfer coefficients for CO2 absorbed 

by relatively large water droplets. Srinivasan and Aiken [61] performed an experimental study on 

the liquid mass-transfer coefficient of CO2 absorption by a stream of closely spaced water droplets 

with average diameter of 82.4 μm at different velocities. They presented a correlation for Sh 

number that can be used to calculate liquid-phase mass transfer coefficient of CO2 in water. Hana 

et. al. [62] found out that the liquid-phase mass-transfer coefficient increases as the velocity of the 

water droplet increases. In another study, Zeebe [63] developed correlations (see Table 2) for 

calculating diffusivity of dissolved CO2, HCO3
 – and CO3

2–
 in water over a temperature range of 

T=0 to 100 °C. 

Heat and mass transfers studies involving a vapour-liquid interface commonly assume equilibrium 

at the interface during heat and mass transfer. However, several experimental and theoretical 

studies have shown that the vapour-liquid interface can provide an important additional resistance 

to heat and mass transfer. For example, in studies of water surfaces, sharp temperature jumps at 



24 

 

the vapour-liquid interface were observed experimentally where the temperature on the vapour 

side of the interface was found to be as much as 10 °C higher  than the temperature on the liquid-

side of the interface [64]- [67]. A number of theoretical computational studies have also been 

performed to quantify heat and mass transfer resistivities of the interface for both one-component 

systems (e.g., water, octane, and n-octane) and two-component systems (e.g., mixture of 

cyclohexane and n-hexane) [68]- [78]. Several research groups have indicated that the vapour-liquid 

interface should be treated as an “autonomous thermodynamic system” which possesses its own 

thermodynamics properties [79]- [83]. In addition, coupling between heat and mass transfer have been 

shown to be important and can sometimes result in heat or mass transfer in a direction opposite to 

one of the main driving forces [82] [84] [85]. Moreover, the interfacial resistivities have been shown 

to depend on curvature of the vapour-liquid interface [76] [82], especially for nano-size bubbles and 

droplets [72] [86] [87]. The current modeling study will attempt to account for the local resistance to 

mass transfer at the vapour-liquid interface. Heat effects will also be considered, however, the 

coupling between heat and mass transfer will be neglected 

2.2 Preliminary equilibrium calculations 

In this calculation, the water droplets are assumed to be in equilibrium with flue gas with the 

composition shown in Table 2.1 (obtained from material balances shown in Appendix A). The 

solubility of CO2 in water is governed by Henry’s law (equation 2.1.1) and the temperature-

dependent expression for the Henry’s law constant H (in Pa) is provided in Table 2.2 [16]. A list of 

constant physical properties of the chemical species that are used in material balance calculations 

and Table 2.2 is shown in Appendix B. 
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Table 2. 1: Diluted flue gas composition  

Components Molar fraction 

CO2 0.01 

H2O 0.032 

O2 0.193 

N2 0.765 

 

Table 2. 2: Algebraic equations for computing model parameters 

Equations Ref. No. 

H =   exp (−6.8346 +
1.2817∙104

T
−

3.7668∙106

T2 +
2.997∙108

T3 ) ∙ 106 (Pa) [16] 2.2.1 

k1[H2O] = 1.28 ∙ 1011 ∙ e
−8.12∙104

RconstT ∙ 55.6 (
1

s
) 

[22] 2.2.2 

k−1 = 9.2 ∙ 1013 ∙ e
−7.17∙104

RconstT  (
1

s
) [22] 2.2.3 

K2 = (
10

−5251.43
T

−36.7816∙logT+102.2685

k1/k−1
∙ 1000 ) (

mol

m3 ) 
[23] 2.2.4 

PCO2

sat = 10
7.58828−

861.82

271.883+TV  ∙ 
101325

760
 (Pa) 

[23] 2.2.5 

kmCO2,VL =
ShCO2,V DCO2,V

2R
 (

m

s
) [59] 2.2.6 

ShCO2,V = 2 + 0.6Re1/2ScCO2

1/3
 [54] 2.2.7 

Re =
ρV ∙ u ∙ 2R

μV
 [59] 2.2.8 

ScCO2
=

μV

ρV ∙ DCO2,V
 [59] 2.2.9 

ρV =
P∙MV

RconstTV
 (

kg

m3) [59] 2.2.10 

MV =  MCO2
yCO2

+  MH2OyH2O +  MN2
yN2

+  MO2
yO2

(
kg

mol
) 

[59] 2.2.11 

μV =
1.425∙10−6∙TV

0.5039

1+
108.3

TV

 (
kg

m∙s
) [88] 2.2.12 

DCO2,V =
1−yCO2

∑
yS

DCO2_S,V

=
1−yCO2

yH2O

DCO2_H2O,V
+

yN2
DCO2_N2,V

+
yO2

DCO2_O2,V

 (
m2

s
) [59] 2.2.13 

DCO2_S,V =
1 ∙ 10−9 ∙ TV

1.75

P
101325

[(∑ 𝑣)
CO2

1/3
+ (∑𝑣)

S
1/3

]2
(

1

1000 MCO2

+
1

1000 MS
)

0.5

(
m2

s
) [59] 2.2.14 
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DCO2
= 14.6836 ∙ 10−9 [

T

217.2056
− 1]

1.997

 (
m2

s
) [63] 2.2.15 

DH2CO3,T ≈ DHCO3
− = 7.0158 ∙ 10−9 [

T

204.0282
− 1]

2.3942

(
m2

s
) [63] 2.2.16 

[CO2]LI
∗ =

[CO2]I

KIL,CO2

 (
mol

m3 ) - 2.2.17 

[H2CO3,T]
LI

∗
=

[H2CO3,T]
I

KIL,H2CO3,T

 (
mol

m3 ) - 2.2.18 

 

As shown in Figure 2.3, the amount of CO2 that could be absorbed in bulk liquid water decreases 

as temperature increases. For example, the equilibrium amount of absorbed CO2 is 0.015 g of CO2 

per kg of water at 25 °C, which is 3 times higher than that at 100 °C. These amounts, which are 

much smaller than 27 g CO2/kg H2O, do not account for CO2 that is converted to H2CO3 and its 

ions nor for CO2 adsorption/absorption at the droplet surface. 

 

Figure 2. 3: Effect of temperature on equilibrium dissolution of CO2 in water 

Consider the formation of H2CO3 and its ions from CO2 and H2O via reactions 2.3 – 2.5. The 

concentration of CO3
2− produced from reaction 2.5 will be neglected because it will be small 

compared to [H2CO3]L and [HCO3
−]L. Table 2.2 provides Arrhenius expressions for the forward 
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and reverse rate constants for reaction 2.3 (i.e., k1 and k-1) and for the equilibrium constant K2 for 

reaction 2.4. The additional equilibrium amount of CO2 captured via this mechanism is plotted in 

Figure 2.4 as a function of temperature. The amount of CO2 that would be converted into H2CO3 

and HCO3
− is higher at lower temperature where the concentration of dissolved CO2 is higher. 

 

Figure 2. 4: Effect of temperature on equilibrium H2CO3 and HCO3
− formation 

Note that the expressions for k1 and k-1 in Table 2.2 were obtained from experimental results in a 

temperature range of 6.6 – 42.8 °C. Therefore, extrapolation was required to obtain the results 

shown in Figure 2.4. Nevertheless, the predicted equilibrium amount of CO2 captured in Figure 

2.4 is also much lower than 27 g CO2/kg H2O. 

The third proposed mechanism is the adsorption of CO2 on the surface of water droplets. To obtain 

a crude estimate the equilibrium amount of CO2 that might be adsorbed on the surface of water 

droplet (in g CO2/kg H2O) at 25 °C, equation 2.2, 2.8, 2.7 and 2.6 were used consecutively, in 

which [CO2]V, [CO2]L and PCO2

sat were obtained using the composition in Table 2.1, Henry’s law, 

the ideal gas law and the Antoine equation. [CO2]I calculated from equation 2.6 (approximately 
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1∙10-9 mol/m2) can then be used to calculate the equilibrium mass of CO2 adsorbed per kg of water 

used. A detail calculation is shown in Appendix C. Figure 2.5 shows the resulting predicted mass 

of adsorbed CO2 per kg of water obtained using different droplet diameters. The amounts of 

adsorbed CO2 predicted in Figure 2.5 are substantially lower than 27 g CO2/kg H2O. It can also be 

seen that the amount of adsorbed CO2 dramatically increases as droplet size decreases (e.g., the 

amount of CO2 that is adsorbed by 2 µm-diameter droplets is 25 times higher than that by 50 µm-

diameter droplets) due to the increase in surface area per unit volume. 

 

Figure 2. 5: Effect of droplet size on equilibrium CO2 surface-adsorption 

Note that the results in Figure 2.5 rely on the correlation in equation 2.7, which was obtained from 

experiments on relatively high molecular weight species that are much less volatile than CO2. As 

a result, equation 2.7 may greatly under- or over-predict the amount of CO2 adsorbed on the surface 

of small water droplets. Figure 2.5 also ignores any gaseous H2CO3 that might be adsorbed on the 

outer surface of the droplets. 
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The fourth proposed mechanism for capturing CO2 is the additional absorption of H2CO3 and its 

ions just inside the surface of water droplets. Equilibrium concentrations of a variety of carboxylic 

acids have been measured near the surface of aqueous solutions using X-ray photoelectron 

spectroscopy. Unfortunately, to my knowledge there has been no similar study on H2CO3 at liquid 

water surfaces. Thus, the equilibrium amount of additional H2CO3 and HCO3
− just inside the surface 

of water droplets cannot be estimated reliably. 

In summary, the amount of CO2 that is captured by small water droplets in the C-3 process cannot 

readily be explained by equilibrium calculations using the mechanisms proposed above. To better 

understand the dynamics of the CO2 adsorption/absorption process via these mechanisms, a 

mathematical model is developed and shown in the next section where mass transfer is taken into 

account.   

2.3 Model development 

In the current study, consider a simple case in which a spherical water droplet of radius R is 

surrounded by flue gas. The water droplet captures CO2 from the flue gas via the four proposed 

mechanisms: i) dissolution of CO2 in water, ii) conversion of CO2 to H2CO3 and its ions, iii) 

adsorption of CO2 on the water droplet surface and iv) congregation of H2CO3 near the droplet 

surface. A mathematical model that account for the proposed CO2 capture mechanisms are 

developed based on the assumptions listed in Table 2.3. Algebraic equations required to compute 

parameter that appear in the model equations are provided in Table 2.2. 

 

 

 



30 

 

Table 2. 3: Assumptions used in model development 

Simplifying Assumptions No. 

Henry’s law applies and can be used to predict the equilibrium concentration of CO2 

within the liquid droplet that would be in equilibrium with the vapour phase  

(i.e., [CO2]LV
∗ =

yCO2 P ρH2O

H MH2O
) 

2.3.1 

Flue gas contains only N2, O2, H2O, and CO2.  Species at lower concentrations in the flue 

gas (e.g., SO2, NO2, NO, H2SO4, and HNO3) are neglected 
2.3.2 

Water droplets and the flue gas are at the same temperature which is constant. Heat 

transfer is neglected. 
2.3.3 

Shrinkage of the water droplet due to water evaporation is neglected 2.3.4 

Composition of the flue gas is constant over time and position 2.3.5 

Internal circulation within the droplet is neglected 2.3.6 

Reaction between CO2 and H2O to produce H2CO3 in the gas phase and on the water 

surface are neglected 
2.3.7 

 

Figure 2.6 shows three regions that were considered in this model (i.e., the bulk liquid region 

within the droplet, the vapour-liquid interface region, and the bulk vapour region). As the vapour-

liquid interface is treated as a separate region where species can accumulate, the mass transfer 

resistance within the interface is also taken into account in the model using a fraction fmI defined 

as: 

 fmI =
Interfacial mass−transfer resistance 

Total mass−transfer resistance between vapour and surface of bulk liquid
    2.12 

Decomposing the total resistance to mass transfer between the flue gas and the bulk liquid surface 

into two parts gives the following expression:  

1

kmCO2,VL
=

1−fmI

kmCO2,VL
+

fmI

kmCO2,VL
    2.13 

where the first term on the right-hand side is the resistance within the gas phase and the second is 

the resistance at the interface.  
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Figure 2. 6: Schematic diagram of water droplet used in the second model 

Partial differential equations (PDEs) derived for this model are shown in Table 2.4, in which r is 

the radial position within the water droplet, [H2CO3,T]
L
 is total concentration of H2CO3 in the 

liquid phase (i.e., [H2CO3,T]
L

=  [H2CO3]L + [HCO3
−]L). A detail derivation for equations in Table 

2.4 is located in Appendix D.1. Equation 2.4.1 is a material balance on CO2 within the bulk liquid 

in the droplet. On the right-hand side of equation 2.4.1, the first term describes the diffusion of 

CO2 within the droplet. The second and the third terms account for formation and consumption of 

dissolved CO2, respectively. In equation 2.4.1, [H2CO3]L can be calculated from a derived cubic 

equation written in terms of K2 and [H2CO3,T]
L
 (shown in Appendix E). Initially, the concentration 

of CO2 inside the water droplet is assumed to be very low as shown in equation 2.4.1a. To solve 

equation 2.4.1, boundary conditions at the centre and at the surface of the water droplet are also 

required. At the centre, the concentration of CO2 is at the minimum value within the droplet as 

described by equation 2.4.1b. Equation 2.4.1c is a material balance on CO2 at the surface of the 
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bulk liquid region, in which, [CO2]LI
∗  is hypothetical concentration of CO2 in the bulk liquid region 

that would be in equilibrium with the interface region. 

Table 2. 4: Model equations for CO2 adsorption/absorption process in a single water droplet 

Equations No. 

∂[CO2]L
∂t

=
DCO2

r2

∂

∂r
(r2

∂[CO2]L
∂r

) + k−1[H2CO3]L − k1[H2O]L[CO2]L 

Initial condition: 
[CO2]L,0 = 0 

Boundary conditions:  

∂[CO2]L
∂r

|
r=0

= 0 

∂[CO2]L
∂r

|
r=R

=
kmCO2,VL/fmI

DCO2

([CO2]LI
∗ − [CO2]R) 

 

2.4.1 

 

 

2.4.1a 

 

2.4.1b 

 

 

2.4.1c 

∂[H2CO3,T]
L

∂t
=

DH2CO3,T

r2

∂

∂r
(r2

∂[H2CO3,T]
L

∂r
) + k1[H2O]L[CO2]L  − k−1[H2CO3]L 

Initial condition: 

[H2CO3,T]
L,0

= 0 

Boundary conditions: 

∂[H2CO3,T]
L

∂r
|

r=0

= 0 

∂[H2CO3,T]
L

∂r
|

r=R

=
kmH2CO3,T,LI

DH2CO3,T

([H2CO3,T]
LI

∗
− [H2CO3,T]

R
) 

 

2.4.2 

 

 

2.4.2a 

 

 

2.4.2b 

 

 

2.4.2c 

d[CO2]I
dt

=
kmCO2,VL

1 − fmI

([CO2]LV
∗ − [CO2]LI

∗ ) −
kmCO2,VL

fmI

([CO2]LI
∗ − [CO2]R) 

Initial condition: 
[CO2]I,0 = 0 

 

2.4.3 

 

2.4.3a 

d[H2CO3,T]
I

dt
= −kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
) 

Initial condition: 

[H2CO3,T]
I,0

= 0 

 

2.4.4 

 

2.4.4a 
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Similarly, a PDE for [H2CO3,T]
L
 is shown in equation 2.4.2 to account for diffusion and reaction 

of [H2CO3,T]
L
 within the droplet. Initially, it is assumed that [H2CO3,T]

L
 is zero as shown in 

equation 2.4.2a. In boundary condition 2.4.2c, [H2CO3,T]
LI

∗
 is the hypothetical concentration of 

H2CO3,T in the bulk liquid region that would be in equilibrium with the interface region and 

kmH2CO3,T,LI is the mass transfer coefficient of H2CO3,T between the interface and the surface of 

the bulk liquid region. 

The ordinary differential equation (ODE) 2.4.3 is a material balance on the CO2 that adsorbs on 

droplet surface (and absorbs in the interfacial liquid layer). The amount of CO2 that accumulates 

depends on the rate of CO2 mass transfer from the bulk vapour to the interface region and on the 

rate of mass transfer from the interface to the bulk liquid surface. Similarly, the ODE 2.4.4 is a 

material balance on H2CO3 (and its ions) within the interface region. Note that chemical reactions 

at the interface are ignored (assumption 2.3.7). 

2.4 Simulation results and discussions 

The model presented in Table 2.4 was solved numerically using COMSOL® software. Procedure 

for implementing the model equations in COMSOL® is shown in Appendix F.1. The settings 

shown in Table 2.5 were used to perform a sensitivity analysis to investigate the influence of the 

following adjustable parameters: i) velocity of the water droplet relative to the flue gas (u), ii) 

fraction of mass-transfer resistance within the interface (fmI), iii) radius of the water droplet (R), 

iv) temperature (T), v) CO2 partition coefficient between the interface and the liquid (KIL,CO2
), and 

vi) H2CO3 partition coefficient between the interface and the liquid (KIL,H2CO3
). The velocity of 

the water droplet was studied because it influences the convective mass transfer coefficient 

kmCO2,VL. Note that, to my knowledge, values of KIL,CO2
and KIL,H2CO3

 have not been determined 
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experimentally. Thus, the values used for the base-case simulation (Table 2.5) are crude guesses 

obtained based on other studies that focused on volatile organic compounds and carboxylic acids 

[26][35]. Lower and upper values in Table 2.5 indicate the range of values considered in this 

simulation study.  

Table 2. 5: Settings for model simulations 

Adjustable Parameters 
Base 

Values 

Lower 

Values 

Upper 

Values 
Units 

Velocity of the water droplet (u) 0 0 160 m/s 

Fraction resistance within the interface (fmI) 0.5 0.1 0.9 - 

Radius of the water droplet (R) 2.5 0.5 4.5 µm 

Temperature (T) 62.5 25 100 °C 

Interfacial CO2 partition coefficient (KIL,CO2
) 1∙10-9 1∙10-11 0.01 m 

Interfacial H2CO3 partition coefficient (KIL,H2CO3
) 1∙10-8 1∙10-10 0.1 m 

 

Figure 2.7 shows simulation results obtained when the velocity of the water droplet is adjusted, 

with other parameters held at their base-case values in Table 2.5. No noticeable difference in the 

dynamic behaviour of concentrations within the droplet is predicted because the main resistance 

to mass-transfer for droplets with R=2.5 µm is within the droplet rather than in the gas phase or at 

the interface. Note that [H2CO3,T]L reaches an equilibrium value of 0.01 mol/m3 at the droplet 

centre after ~0.1 second, indicating that the reaction dynamics are considerably slower than the 

mass-transfer dynamics. Figure 2.8 shows similar results when the fractional resistance within the 

interface is adjusted.   
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Figure 2. 7: Predicted dynamic behaviour of [CO2]L and [H2CO3,T]L at the droplet centre obtained 

using base-case settings and a range of droplet velocities. 

 

 

Figure 2. 8: Predicted dynamic behaviour of [CO2]L and [H2CO3,T]L at the droplet centre obtained 

using base-case settings and a range of values of fraction resistance within the interface 

 

Figure 2.9 shows the important influence of droplet size on the dynamics of [CO2]L absorption and 

[H2CO3,T]L formation, with small droplets absorbing CO2 much more quickly than larger droplets, 

suggesting that the droplet size has an important influence on the carbon-dioxide capture process.  

Note that the equilibrium concentrations predicted at long simulation times are the same for all 

droplet sizes, as expected. 



36 

 

 

Figure 2. 9: Predicted dynamic behaviour of [CO2]L and [H2CO3,T]L at the droplet centre obtained 

using base-case settings and a range of values of droplet sizes 

 

Figure 2.10 compares the simulation results obtained using temperatures of 25 °C, 62.5 °C and 

100 °C, accounting for the influence of temperature on Henry’s law constant, kinetic rate constants 

and diffusivity as indicated in equations 2.2.1, 2.2.2-2.2.4, 2.2.15, and 2.2.16 in Table 2.2. The 

Henry’s law constant increases as temperature increases, which leads to a lower equilibrium 

concentration of CO2 dissolved within the droplet. Because mass-transfer coefficients, diffusivities 

and reaction rates increase with increasing temperature, the dynamics of CO2 capture are faster at 

higher temperatures.   

 

Figure 2. 10: Predicted dynamic behaviour of [CO2]L and [H2CO3,T]L at the droplet centre obtained 

using base-case settings and a range of values of temperatures 
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In this sensitivity study, both KIL,CO2
and KIL,H2CO3

 are adjusted over a large range because 

reasonable values are not known. Figure 2.11 shows that both interfacial partition coefficients have 

important influence on the total amount of CO2 removed. As shown by the y-axes in Figure 2.11, 

the predicted amount of CO2 removed using the base-case values is considerably smaller than the 

observed value of 27 g CO2/kg H2O obtained experimentally. However, as KIL,CO2
 and KIL,H2CO3

 

increase, their effect on the predicted amount of CO2 removed becomes larger. For example, the 

predicted amount of equilibrium CO2 removed using a water droplet with a radius of 2.5 µm is 

~86 g CO2/kg H2O if KIL,CO2
 is as high as 0.01 m when other parameters are held at the base case 

values. Similarly, the predicted amount of CO2 removed is ~51 g CO2/kg H2O if KIL,H2CO3
 is set 

at 0.1 m and other parameters are set at the base case values. Figure 2.11 shows that the effects of 

KIL,CO2
and KIL,H2CO3

 also increase dramatically as the size of the water droplet decreases. These 

simulation and sensitivity analysis results indicate that adsorption/absorption of CO2 and/or H2CO3 

at the droplet surface could explain the high levels of CO2 removal that have been observed, if one 

of the interfacial partition coefficients (i.e. KIL,CO2
 and KIL,H2CO3

) is in the range of 0.01 m to 0.1 

m, and/or if the mean droplet size in the process is considerably smaller than R=2.5 µm. Values of 

the coefficients and mean droplet size obtained from careful measurements would greatly assist 

modeling efforts and would help to confirm whether the proposed magnitudes of these surface 

phenomena are realistic. Mathematical models that account for temperature effects, water 

evaporation and droplet coalescence may also provide a clearer picture of the CO2 removal 

process. 



38 

 

 

Figure 2. 11: Predicted total amount of CO2 removed obtained using base-case settings and a range 

of values of interfacial partition coefficients 

 

2.5 Conclusions 

In this chapter, a dynamic model was developed to study several mechanisms for capturing CO2 

using micron-size water droplets including: i) dissolution of CO2 in water, ii) conversion of CO2 

to H2CO3 and its ions, iii) adsorption of CO2 on the water droplet surface and iv) congregation of 

H2CO3 just inside the droplet surface. Simulation results show that water droplet velocity and 

mass-transfer resistance at the droplet interface have no noticeable effect on the CO2 

adsorption/absorption process. On the other hand, the amount of CO2 removed increases as 

temperature decreases, and as water droplet size decreases. The interfacial partition coefficients 

(KIL,CO2
and KIL,H2CO3

) have been shown to be very important, with the observed amount of CO2 

removed (> 27 g CO2/kg H2O) being consistent with values of KIL,CO2
and KIL,H2CO3

 are as large 

as 0.01 m or 0.1 m, respectively. Unfortunately, experimental values for KIL,CO2
and KIL,H2CO3

 are 

not available in the literature. In addition, several other potential mechanisms for CO2 removal 

including: i) gas-phase reactions that lead to the formation of H2CO3; ii) H2CO3 formation at the 

vapour-liquid interface, iii) congregation of dissolved CO2 molecules on the liquid side of the 

droplet interface, iv) dynamic temperature effects, v) water evaporation and vi) droplet 

coalescence should be considered in future modeling studies and experimental investigations. 
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Fedorov, "Molecular Sinkers: X-ray Photoemission and Atomistic Simulations of Benzoic 

Acid and Benzoate at the Aqueous Solution/Vapor Interface," The Journal of Physical 

Chemistry, no. 116, p. 13017−13023, 2012.  

[37]  N. Ottosson, E. Wernersson, J. Soderstrom, W. Pokapanich, S. Kaufmann, S. Svensson, I. 

Persson, G. Ohrwalle and O. Bjorneholm, "The protonation state of small carboxylic acids 

at the water surface from photoelectron spectroscopy," Phys. Chem. Chem. Phys., no. 13, 

pp. 12261-12267, 2011.  

[38]  N. L. Prisle, N. Ottosson, G. Ohrwall, J. .. Soderstrom, M. D. Maso and O. Bjorneholm, 

"Surface/bulk partitioning and acid/base speciation of aqueous decanoate: direct 

observations and atmospheric implications," Atmos. Chem. Phys., no. 12, p. 12227–12242, 

2012.  

[39]  S. Mahiuddin, B. Minofar, J. M. Borah, M. R. Das and P. Jungwirth, "Propensities of oxalic, 

citric, succinic, and maleic acids for the aqueous solution/vapour interface: Surface tension 

measurements and molecular dynamics simulations," Chemical Physics Letters, vol. 462, p. 

217–221, 2008.  

[40]  M. T. Nguyen and T.-K. Ha, "A Theoretical Study of the Formation of Carbonic Acid from 

the Hydration of Carbon Dioxide: A Case of Active Solvent Catalysis," J. Am. Chem. Soc., 

vol. 106, no. 3, pp. 599-602, 1984.  



42 

 

[41]  M. T. Nguyen, G. Raspoet and L. G. Vanquickenborne, "How Many Water Molecules Are 

Actively Involved in the Neutral Hydration of Carbon Dioxide?," J. Phys. Chem. A, vol. 

101, pp. 7379-7388, 1997.  

[42]  M. T. Nguyen, M. H. Matus, V. E. Jackson, V. T. Ngan, J. R. Rustad and D. A. Dixon, 

"Mechanism of the Hydration of Carbon Dioxide: Direct Participation of H2O versus 

Microsolvation," J. Phys. Chem. A, vol. 112, p. 10386–10398, 2008.  

[43]  J. Kenneth M. Merz, "Gas-Phase and Solution-Phase Potential Energy Surfaces for CO2 + 

nH2O (n=1, 2)," J . Am. Chem. Soc., vol. 112, pp. 7973-7980, 1990.  

[44]  G. A. Gallet, F. Pietrucci and W. Andreoni, "Bridging Static and Dynamical Descriptions of 

Chemical Reactions: An ab Initio Study of CO2 Interaction with Water Molecules," J. Chem. 

Theory Comput., vol. 8, pp. 4029-4039, 2012.  

[45]  K. I. Peterson, R. D. Suenram and F. J. Lovas, "Hydration of carbon dioxide: The structure 

of H20-H20-C02 from microwave spectroscopy," The Journal of Chemical Physics, vol. 94, 

no. 1, pp. 106-117, 1991.  

[46]  M. Kieninger and O. N. Ventura, "Equilibrium structure of the carbon dioxide-water 

complex in the gas phase: an ab initio and density functional study," Journal of Molecular 

Structure (Theochem) , vol. 390, pp. 157-167, 1997.  

[47]  C. Ramachandran and E. Ruckenstein, "Water clustering in the presence of a CO2 molecule," 

Computational and Theoretical Chemistry, vol. 966, pp. 84-90, 2011.  

[48]  B. Hirshberg and R. B. Gerber, "Formation of Carbonic Acid in Impact of CO2 on Ice and 

Water," J. Phy. Chem. Lett., vol. 7, pp. 2905-2909, 2016.  

[49]  M. Galib and G. Hanna, "Molecular dynamics simulations predict an accelerated 

dissociation of H2CO3 at the air–water interface," Phys.Chem.Chem.Phys., vol. 16, pp. 

25573-25582, 2014.  

[50]  P. P. Kumar, A. G. Kalinichev and R. J. Kirkpatrick, "Hydrogen-Bonding Structure and 

Dynamics of Aqueous Carbonate Species from Car-Parrinello Molecular Dynamics 

Simulations," J. Phys. Chem. B, vol. 113, pp. 794-802, 2009.  

[51]  R. K. Lam, A. H. England, J. W. Smith, A. M. Rizzuto, O. Shih, D. Prendergast and R. J. 

Saykally, "The hydration structure of dissolved carbon dioxide from X-ray absorption 

spectroscopy," Chemical Physics Letters, vol. 633, pp. 214-217, 2015.  

[52]  T. Loerting and J. Bernard, "Aqueous Carbonic Acid (H2CO3)," Chem. Phys. Chem., vol. 

11, pp. 2305-2309, 2010.  

[53]  W. Taifan, J.-F. Boily and J. Baltrusaitis, "Surface chemistry of carbon dioxide revisited," 

Surface Science Reports, vol. 71, p. 595–671, 2016.  

[54]  W. Ranz and W. Marshall, "Evaporation from Drop. 1," Chemical Engineering Progress, 

vol. 48, no. 3, pp. 141-146, 1952.  



43 

 

[55]  J. P. Zarling, "Heat and Mass Transfer from Freely Falling Drops at Low Temperatures," 

CRREL Report (US Army Cold Regions Research and Engineering Laboratory), 1980. 

[56]  S.-C. Yao and V. E. Schrock, "Heat and Mass Transfer From Freely Falling Drops," Journal 

of Heat Transfer - Transactions of the ASME, vol. 98, no. 1, pp. 120-126, 1976.  

[57]  R. Clift, J. R. Grace and M. E. Weber, Bubbles, Drops, and Particles, New York: Academic 

Press Inc., 1978.  

[58]  Y. Liao, D. Lucas and E. Krepper, "Application of new closure models for bubble 

coalescence and breakup to steam–water vertical pipe flow," Nuclear Engineering and 

Design, vol. 279, p. 126–136, 2014.  

[59]  A. L. Hines and R. N. Maddox, Mass Transfer: Fundamentals and Applications, New Jersey: 

Prentice-Hall, Inc., 1985.  

[60]  B. Abramzon and W. A. Sirignano, "Droplet vaporization model for spray combustion 

calculations," Int. J. Heat Mass Transfer, vol. 32, no. 9, pp. 1605-1618, 1989.  

[61]  V. Srinivasan and R. C. Aiken, "Mass Transfer to Droplets Formed by the Controlled 

Breakup of a Cylindrical Jet-Physical absorption," Chemical Engineering Science, vol. 43, 

no. 12, pp. 3141-3150, 1988.  

[62]  J. Hana, D. A. Eimer and M. C. Melaaen, "Liquid Phase Mass Transfer Coefficient of Carbon 

Dioxide Absorption by Water Droplet," Energy Procedia, no. 37, p. 1728 – 1735, 2013.  

[63]  R. E. Zeebe, "On the molecular diffusion coefficients of dissolved CO2, HCO3- ,and CO3 

2- and their dependence on isotopic mass," Geochimica et Cosmochimica Acta, vol. 75, pp. 

2483-2498, 2011.  

[64]  C. A. Ward and G. Fang, "Expression for predicting liquid evaporation flux- Statistical rate 

theory approach," Physical Review E, vol. 59, no. 1, pp. 429-440, 1999.  

[65]  G. Fang and C. A. Ward, "Examination of the statistical rate theory expression for liquid 

evaporation rates," Physical Review E, vol. 59, no. 1, pp. 441-453, 1999.  

[66]  C. A. Ward and D. Stanga, "Interfacial conditions during evaporation or condensation of 

water," Physical Review E, vol. 64, no. 5, pp. 051509(1-9), 2001.  

[67]  V. Badam, V. Kumar, F. Durst and K. Danov, "Experimental and theoretical investigations 

on interfacial temperature jumps during evaporation," Experimental Thermal and Fluid 

Science, vol. 32, pp. 276-292, 2007.  

[68]  Y. Pao, "Application of Kinetic Theory to the Problem of Evaporation and Condensation," 

The Physics of Fluids, vol. 14, no. 2, pp. 306-312, 1971.  

[69]  D. Bedeaux, "Slow Evaporation and Condensation," Physica A, vol. 169, pp. 263-280, 1990.  

[70]  D. Bedeauxa and S. Kjelstrup, "Transfer coefficients for evaporation," Physica A, vol. 270, 

pp. 413-426, 1999.  



44 

 

[71]  K. S. Glavatskiy and D. Bedeaux, "Resistances for heat and mass transfer through a liquid–

vapor interface in a binary mixture," The Journal of Chemical Physics, vol. 133, no. 23, pp. 

234501(1-11), 2010.  

[72]  Ø. Wilhelmsen, T. T. Trinh, A. Lervik, V. K. Badam, S. Kjelstrup and D. Bedeaux, 

"Coherent description of transport across the water interface: From nanodroplets to climate 

models," Physical Review E, vol. 93, no. 3, pp. 032801(1-17), 2016.  

[73]  A. Røsjorde, D. W. Fossmo, D. Bedeaux, S. Kjelstrup and B. Hafskjold, "Nonequilibrium 

Molecular Dynamics Simulations of Steady-State Heat and Mass Transport in 

Condensation- I. Local Equilibrium," Journal of Colloid and Interface Science, vol. 232, no. 

1, pp. 178-185, 2000.  

[74]  A. Rosjorde, S. Kjelstrup, D. Bedeaux and B. Hafskjold, "Nonequilibrium Molecular 

Dynamics Simulations of Steady-State Heat and Mass Transport in Condensation- II. 

Transfer Coefficients," Journal of Colloid and Interface Science, vol. 240, no. 1, pp. 355-

364, 2001.  

[75]  J.-M. Simon, S. Kjelstrup, D. Bedeaux and B. Hafskjold, "Thermal Flux through a Surface 

of n-Octane. A Non-equilibrium Molecular," J. Phys. Chem. B, vol. 108, pp. 7186-7195, 

2004.  

[76]  K. S. Glavatskiy and D. Bedeaux, "Curvature dependence of the interfacial heat and mass 

transfer coefficients," The Journal of Chemical Physics, vol. 140, no. 10, pp. 104708(1-7), 

2014.  

[77]  E. Johannessena and D. Bedeaux, "The nonequilibrium van der Waals square gradient 

model. (III). Heat and mass transfer coefficients," Physica A, vol. 336, pp. 252-270, 2004.  

[78]  C. Klink, C. Waibel and J. Gross, "Analysis of Interfacial Transport Resistivities of Pure 

Components and Mixtures Based on Density Functional Theory," Industrial and Engineering 

Chemistry Research, vol. 54, p. 11483−11492, 2015.  

[79]  E. Johannessena and D. Bedeaux, "The nonequilibrium van der Waals square gradient 

model. (II). Local equilibrium of the Gibbs surface," Physica A, vol. 330, p. 354–372, 2003.  

[80]  I. Inzoli, S. Kjelstrup, D. Bedeaux and J. Simon, "Transfer coefficients for the liquid–vapor 

interface of a two-component mixture," Chemical Engineering Science, vol. 66, p. 4533–

4548, 2011.  

[81]  D. Bedeaux and S. Kjelstrup, "Heat, Mass and Charge Transport, and Chemical Reactions 

at Surfaces," Int. J. of Thermodynamics, vol. 8, no. 1, pp. 25-41, 2005.  

[82]  K. S. Glavatskiy and D. Bedeaux, "Transport of heat and mass in a two-phase mixture: From 

a continuous to a discontinuous description," The Journal of Chemical Physics , vol. 133, 

no. 14, pp. 144709(1-17), 2010.  



45 

 

[83]  T. Savin, K. S. Glavatskiy, S. Kjelstrup, H. C. Ottinger and D. Bedeaux, "Local equilibrium 

of the Gibbs interface in two-phase systems," A Letters Journal Exploring the Frontiers of 

Physics, vol. 97, no. 4, pp. 40002(1-6), 2012.  

[84]  L. v. d. Ham, R. Bock and S. Kjelstrup, "Modelling the coupled transfer of mass and thermal 

energy in the vapour–liquid region of a nitrogen–oxygen mixture," Chemical Engineering 

Science, vol. 65, p. 2236–2248, 2010.  

[85]  M.-L. Olivier, J.-D. Rollier and S. Kjelstrup, "Equilibrium properties and surface transfer 

coefficients from molecular dynamics simulations of two-component fluids," Colloids and 

Surfaces A: Physicochemical and Engineering Aspects, vol. 210, no. 2-3, pp. 199-222, 2002.  

[86]  Ø. Wilhelmsen, D. Bedeaux and S. Kjelstrup, "Heat and mass transfer through interfaces of 

nanosized bubbles/droplets: the influence of interface curvature," Physical Chemistry 

Chemical Physics, vol. 16, no. 22, pp. 10573-10586, 2014.  

[87]  Ø. Wilhelmsen, T. T. Trinh, S. Kjelstrup, T. S. v. Erp and D. Bedeaux, "Heat and Mass 

Transfer across Interfaces in Complex Nanogeometries," Physical Review Letters, vol. 114, 

no. 6, p. 065901(5), 2015.  

[88]  R. H. P. Don W. Green, Perry's Chemical Engineers' Handbook, Eighth Edition, New York: 

McGraw-Hill, 2008.  

 



46 

 

Chapter 3 :  A shrinking droplet model that accounts for heat transfer 

during CO2 absorption 
 

3.1 Introduction 

The model presented in Chapter 2 illustrates several phenomena that may occur within a single 

water droplet including: i) dissolution of CO2 in water, ii) conversion of CO2 to H2CO3 and its 

ions, iii) adsorption of CO2 on the water droplet surface and iv) congregation of H2CO3,T just inside 

the droplet surface. However, the model in Chapter 2 cannot fully describe the CO2 capture process 

in the C-3 process because many other important phenomena were not considered in this 

preliminary model. Other phenomena that influence CO2 removal include heat transfer from the 

flue gas to the water droplet causing the droplet temperature to increase, shrinkage of the water 

droplet due to water evaporation at the surface, and changes in flue gas temperature and 

composition due to heat and mass transfer between the droplets and flue gas. The industrial 

situation is complicated because water droplets are injected at high velocities, counter-current to 

the flue gas, within the reactor module of the C-3 process. Figure 3.1 shows the flue gas flowing 

from left to right (in the positive-x direction) and water droplets that have been sprayed into the 

reactor module (from right to left). When the cold water droplets enter the system, they heat up 

due to the hot flue gas and begin to shrink due to water evaporation. In addition, drag forces cause 

the droplets to slow down. After the velocity of a water droplet reaches zero, it reverses direction 

and moves in the positive-x direction along with the flue gas. These smaller water droplets (flowing 

in the positive x direction) may collide with larger droplets moving in the opposite direction and 

then coalesce to form larger droplets. Furthermore, movement of water droplets is also affected by 

the gravitational force, which makes the droplets also move in the negative y direction (not shown 

in Figure 3.1).   
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Figure 3. 1: Behaviour of the water droplets within the reactor module of the C-3 process 

 

In this chapter, a model that accounts for some of the important additional phenomena is 

developed. The proposed model accounts for heat transfer from the hot flue gas to the cold water 

droplet, leading to evaporation of water at the surface and shrinkage of the water droplet over time 

(as shown in Figure 3.2). The behaviour of multiple droplets, changes in droplet velocity over time 

and changes in flue gas temperature and composition are not considered, as indicated in the 

assumptions in Table 3.1. The main objective of this chapter is to provide derivations of the 

equations required for this slightly more sophisticated model and to develop a solution 

methodology using COMSOL®. The mathematics to account for droplet shrinkage over time 

requires a transformation of variables so that the resulting PDEs can be solved numerically in 

COMSOL®.  This work is an important step toward development of a multiple droplets model that 

accounts for the additional phenomena mentioned above. Suggestions for future modeling work 

are also provided so that future modeling researchers can readily build on the ideas presented in 
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this thesis. A secondary objective of this chapter is to provide a sensitivity analysis for several key 

parameters to determine their impact on the predicted amount of CO2 removed.  

t = t0 t = t0 +  t 

Convective heat 

transfer 

Conductive heat 

transfer

Water 

evaporation

CO2 and H2CO3,T 
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diffusion

Mass transfer of CO2 

to interface region 

 

Figure 3. 2: Schematic diagram for the proposed shrinking droplet model that accounts for heat 

transfer and droplet shrinkage 
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3.2 Model development   

3.2.1 Assumptions and model equations 

The model equations are derived based on the assumptions shown in Table 3.1. Assumptions 3.1.1 

to 3.1.7 were used in the model in Chapter 2. The additional assumptions are required to predict 

water evaporation rates and temperature changes within the droplet. Note that assumption 3.1.9 

would not be valid in situations where the radius R of the droplet approaches zero. However, this 

assumption will be valid in a more complicated model that accounts for changes in humidity of 

the flue gas due to the large number of injected droplets.  

In this shrinking droplet model, changes in R cause problems for solving the resulting PDEs 

numerically because the boundary at the surface (r = R) is moving in space. To solve this problem, 

the model PDEs that I derived in terms of r and t were transformed into new coordinates, w and t 

(where w = 
r

R
), so that the boundary at the surface of the water droplet is fixed in these new 

coordinates (i.e., w = 1 at the droplet surface). The model equations, which are written in terms of 

w and t are shown in Table 3.2. Additional algebraic equations required for model solution are 

listed in Table 3.3.  
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Table 3. 1: Assumptions used in the shrinking droplet model 

Assumptions No. 

Henry’s law applies and can be used to predict the equilibrium concentration of CO2 

within the liquid droplet that would be in equilibrium with the vapour phase  

(i.e., [CO2]LV
∗ =

yCO2 P ρH2O

H MH2O
) 

3.1.1 

Flue gas contains only N2, O2, H2O, and CO2.  Species at lower concentrations in the 

flue gas (e.g., SO2, NO2, NO, H2SO4, and HNO3) are neglected 

3.1.2 

Changes in composition and temperature of the flue gas with time and position are 

neglected 

3.1.3 

Internal circulation within the droplet is neglected 3.1.4 

Reaction between CO2 and H2O to produce H2CO3 in the gas phase and at the droplet 

surface are neglected 

3.1.5 

The model considers CO2 removal of an individual water droplet only 3.1.6 

Changes in water droplet velocity over time are neglected 3.1.7 

Raoult’s law applies and can be used to predict the equilibrium concentration of H2O 

within the liquid droplet that would be in equilibrium with the vapour phase 

(i.e., [H2O]LV
∗ =

yH2OP ρH2O

PH2O
sat  MH2O

)  
3.1.8 

Concentration of H2O at the surface of the bulk liquid [H2O]R is equal to the 

concentration of pure water because [H2O]R is much larger than [CO2]R, and 

[H2CO3,T]
R

 
3.1.9 

Heat effects associated with the latent heat of vaporization are important and are 

included in the energy balance at the droplet surface 
3.1.10 

Heat effects from reactions between CO2 and H2O within the water droplet are small 

and can be neglected 
3.1.11 

Accumulation of energy at the vapour-liquid interface region is neglected. The 

temperature at the interface is equal to TR, which is the temperature at the surface of the 

bulk liquid. 

3.1.12 

Heat transfer within the droplet occurs via conduction. Heat effects due to radial 

diffusion of species in the droplet can be neglected 
3.1.13 
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Table 3. 2: Model equations for the second model that accounts for heat effects and water droplet 

shrinkage written in terms of w and t  

Equations No. 

dR

dt
= −

kmH2O MH2O

ρH2O

([H2O]R − [H2O]LV
∗ ) 

Initial condition: 

R(0) = R0 

 

3.2.1 

 

 

3.2.1a 

∂[CO2]L
∂t

=
DCO2

(R ∙ w)2

∂

∂w
(w2

∂[CO2]L
∂w

) + k−1[H2CO3]L − k1[H2O]L[CO2]L 

+
w

R

dR

dt

∂[CO2]L
∂w

 

 

Initial condition: 

[CO2]L,0 = 0 

 

Boundary conditions:  

∂[CO2]L
∂w

|
w=0

= 0 

∂[CO2]L
∂w

|
w=1

=
R kmCO2,VL/fmI

DCO2

([CO2]LI
∗ − [CO2]R) 

 

3.2.2 

 

 

 

 

 

3.2.2a 

 

 

 

3.2.2b 

 

 

3.2.2c 

 

∂[H2CO3,T]
L

∂t
=

DH2CO3,T

(R ∙ w)2

∂

∂w
(w2

∂[H2CO3,T]
L

∂w
) + k1[H2O]L[CO2]L  − k−1[H2CO3]L 

+
w

R

dR

dt

∂[H2CO3,T]
L

∂w
 

 

Initial condition: 

[H2CO3,T]
L,0

= 0 

 

Boundary conditions: 

∂[H2CO3,T]
L

∂w
|

w=0

= 0 

∂[H2CO3,T]
L

∂w
|

w=1

=
R kmH2CO3,T,LI

DH2CO3,T

([H2CO3,T]
LI

∗
− [H2CO3,T]

R
) 

 

3.2.3 

 

 

 

 

 

 

3.2.3a 

 

 

 

 

3.2.3b 

 

 

3.2.3c 
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d[CO2]I
dt

=
kmCO2,VL

1 − fmI

([CO2]LV
∗ − [CO2]LI

∗ ) −
kmCO2,VL

fmI

([CO2]LI
∗ − [CO2]R)

−
2[CO2]I

R

dR

dt
 

 

Initial condition: 

[CO2]I,0 = 0 

 

3.2.4 

 

 

 

 

 

3.2.4a 

d[H2CO3,T]
I

dt
= − kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
) −

2[H2CO3,T]
I

R

dR

dt
 

Initial condition: 

[H2CO3,T]
I,0

= 0 

 

3.2.5 

 

 

3.2.5a 

∂T

∂t
=

MH2OkH2O

ρH2OCPH2O,L
(R ∙ w)2

∂

∂w
(w2

∂T

∂w
 ) +

w

R

dR

dt

∂T

∂w
 

 

Initial condition: 

T(0,w) = T0 

Boundary conditions:  

∂T

∂w
|
w=0

= 0 

∂T

∂w
|
w=1

=  R
hV

kH2O

(TV − TR) − R
kmH2O

kH2O

([H2O]R − [H2O]LV
∗ ) ∙ 

 

[
 
 
 
 

75.4(100 − (TR − 273.15)) + ∆Hvap,100°C

+(
33.46((TR − 273.15) − 100) + 0.688 ∙ 10−2 (TR−273.15)2−1002

2

+0.7604 ∙ 10−5 (TR−273.15)3−1003

3
− 3.593 ∙ 10−9 (TR−273.15)4−1004

4

)

]
 
 
 
 

  

 

3.2.6 

 

 

 

3.2.6a 

 

 

 

3.2.6b 

 

3.2.6c 
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Table 3. 3: Algebraic equations for computing additional parameters used in the second model 

Equations Ref. No. 

[H2O]R =
ρH2O

MH2O
 (

mol

m3 ) - 3.3.1 

kmH2O =
ShH2O,V DH2O,V

2R
 (

m

s
) [1] 3.3.2 

ShH2O,V = 2 + 0.6Re1/2ScH2O
1/3

 [2] 3.3.3 

ScH2O =
μV

ρV ∙ DH2O,V
 [1] 3.3.4 

DH2O,V =
1−yH2O

∑
yS

DH2O_S,V

=
1−yH2O

yCO2
DH2O_CO2,V

+
yN2

DH2O_N2,V
+

yO2
DH2O_O2,V

 (
m2

s
) [1] 3.3.5 

DH2O_S,V =
1 ∙ 10−9 ∙ TV

1.75

P
101325

[(∑𝑣)
H2O
1/3

+ (∑𝑣)
S
1/3

]2
(

1

1000 MH2O
+

1

1000 MS
)

0.5

(
m2

s
) [1] 3.3.6 

hV =
Nu kV

2R
 (

J

m2∙K
) [1] 3.3.7 

Nu = 2 + 0.6Re
1
2Pr

1
3 

[2] 3.3.8 

Pr =
μV/ρV

(kV MV)/(ρV CPV
)
 [1] 3.3.9 

CPV
=  CpCO2

yCO2
+  CpH2O

yH2O +  CpN2
yN2

+  CpO2
yO2

 (
J

mol∙K
)  3.3.10 

CpS
= (

a + b ∙ 10−2(T − 273.15) + c ∙ 10−5(T − 273.15)2

+d ∙ 10−9(T − 273.15)3 )   (
J

mol∙K
) 

                            

Species S a b c d 

CO2 36.11 4.233 −2.887 7.464 

H2O (v) 33.46 0.688 0.7604 −3.593 

N2 29.00 0.2199 0.5723 −2.871 

O2 29.10 1.158 −0.6076 1.311 
 

[3] 3.3.11 

PH2O
sat = 10

(7.96681−
1668.21

(T−273.15)+228
)
∗ 133.322 (Pa) 

[3] 3.3.12 

kH2O = (−1.26523 + 3.70483 ∗ (
T

298.15
) − 1.43955 ∗ (

T

298.15
)
2
) ∗ 0.6067(

J

m∙K∙s
)  [4] 3.3.13 

 

In Table 3.2, equation 3.2.1 is a mass balance on water at the droplet surface where water 

evaporates and causes the shrinkage of the droplet over time. kmH2O,LV is a mass transfer 

coefficient between the droplet surface and the vapour phase, [H2O]R is concentration of H2O at 

the surface of the bulk liquid, [H2O]LV
∗  is hypothetical concentration of H2O in the liquid phase 
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that would be in equilibrium with the vapour phase. R0 is initial radius of the water droplet as 

shown in initial condition 3.2.1a. Equations 3.2.2 and 3.2.3 are mass balances on CO2 and H2CO3,T 

within the water droplet. These equations were transformed from equations 2.4.1 and 2.4.2 in Table 

2.4, respectively, which are valid even when the droplet shrinks. The associated BCs for equations 

2.4.1 and 2.4.2 were also transformed into the new coordinates to get new BCs for equations 3.2.2 

and 3.2.3. Similar to equations 2.4.3 and 2.4.4, equations 3.2.4 and 3.2.5 are mass balances on CO2 

and H2CO3,T accumulated at the interface.  In this model, equations 3.2.4 and 3.2.5 contain an extra 

term on the right-hand side to describe the influence of droplet shrinkage on the accumulated 

[CO2]I and [H2CO3,T]I at the interface. As the droplet radius becomes smaller, so does its surface 

area, which leads to the capacity of the interface to adsorb/absorbed CO2 and H2CO3,T is reduced 

over time.  

Equation 3.2.6 is an energy balance within the water droplet. As shown by initial condition 3.2.6a, 

the temperature within the droplet is assumed to be uniform at T0, the temperature of the incoming 

fogging water. Boundary condition 3.2.6b applies at the centre of the water droplet (w = 0), where 

the temperature within the droplet is at its minimum value. Boundary condition 3.2.6c applies at 

the surface of the water droplet (w = 1). It accounts for convective heat transfer from the flue gas 

to the water droplet, conductive heat transfer from the surface toward the water droplet centre and 

the energy required to evaporate water at the surface. Derivations of equations 3.2.1 and 3.2.6 in 

the original coordinates and transformation of equation 3.2.6 into the new coordinates are provided 

in the next section. Derivations of equations 3.2.2 to 3.2.5 can be found in Appendix D.2. 
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3.2.2 Derivation of model equations in original coordinates 

For the second model, the radius R of the water droplet changes with time due to water evaporation. 

A material balance on evaporated water at the surface is performed to obtain an expression for the 

change of the radius R with time. Consider a short period of time ∆t in which the change in the 

radius is ∆R: 

Number of moles  

of water evaporating   

= Loss in number of moles 

of water from droplet 

        3.1 

 

kmH2O,LV4πR2([H2O]R − [H2O]LV
∗ )∆t =

−∆R4πR2ρH2O

MH2O
    3.2 

Dividing by 
4πR2∆t ρH2O

MH2O
 gives: 

kmH2O,LVMH2O

ρH2O
([H2O]R − [H2O]LV

∗ ) = −
∆R

∆t
   3.3 

Taking the limit as ∆t approaches zero leads to: 

dR

dt
= −

kmH2O,LV MH2O

ρH2O
([H2O]R − [H2O]LV

∗ )   3.2.1 

The corresponding initial condition is: 

R(0) = R0     3.2.1a 

To develop an equation that accounts for the changes in temperature within the droplet during the 

short period of time ∆t, an energy balance (in Joules) on a thin layer of thickness ∆r is performed 

according to Figure 3.3.  

Accumulation of internal 

energy within the layer 

= Conductive heat 

transfer in at r + ∆r 

– Conductive heat 

transfer out at r 

3.4 
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Figure 3. 3: Heat transfers within the water droplet 

Note that equation 3.4 neglects the heat effects of species that diffuse in and out of the layer during 

the time ∆t as indicated in assumption 3.1.13. The heat transfers predominantly from the surface 

toward the water droplet centre, therefore, temperature increases with increasing r, so that  
∂T

∂r
>

0. 

Accumulation of internal 

energy within the layer 
= 

ρH2O

MH2O
CPH2O,l

∆T 4πr2∆r 

   

Conductive heat transfer  

in at r + ∆r 
= kH2O

∂T

∂r
|
r+∆r

4π(r + ∆r)2∆t 

   

Conductive heat transfer  

out at r 
= kH2O

∂T

∂r
|
r
4πr2∆t 
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Substituting in equation 3.4 gives: 

ρH2O

𝑀H2O
CPH2O,l

∆T 4πr2∆r = kH2O
∂T

∂r
|
r+∆r

4π(r + ∆r)2∆t − kH2O
∂T

∂r
|
r
4πr2∆t   3.5 

Dividing equation 3.5 by 
ρH2O

MH2O
CPH2O,l

4πr2∆r to get: 

∆T

∆t
=

MH2OkH2O

ρH2OCPH2O,l
r2

∂T

∂r
|
r+∆r

(r+∆r)2− 
∂T

∂r
|
r
r2

∆r
     3.6  

Taking the limit as ∆t and ∆r approach zero results in: 

∂T

∂t
=

MH2OkH2O

ρH2OCPH2O,l
r2

∂

∂r
(r2 ∂T

∂r
)     3.7 

For the initial condition, at time t = 0 the initial temperature is the original temperature of the water 

droplet that is sprayed into the reactor module: 

      T(0,w) = T0     3.2.6a 

The first boundary condition applies at the centre of the water droplet (r = 0) where the temperature 

is at its minimum value within the droplet so that: 

      
∂T

∂r
|
r=0

= 0     3.8 

The second boundary condition applies at the droplet surface (r = R) where: 

Convective heat 

transfer from flue gas 

to the droplet surface   

= Conductive heat transfer 

from the surface toward 

the centre      

+ Enthalpy of water 

vapor leaving the 

surface 

3.9 

 

hV4πR2(TV − TR)∆t =  kH2O
∂T

∂r
|
r=R

4πR2∆t      3.10 

+ kmH2O
4πR2([H2O]R − [H2O]LV

∗ ) ∆t [∫ CPH2O,l

100

TR
dT + ∆Hvap,100°C + ∫ CPH2O,v

TR

100
dT]  
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Note that equation 3.9 neglects accumulation of energy within the interfacial region and heat 

effects due to chemical reactions within the droplet as mentioned in Table 3.1. Dividing by 4πR2∆t 

and then rearranging gives: 

∂T

∂r
|
r=R

= 
hv

kH2O

(TV − TR)         3.11 

− 
kmH2O

kH2O
([H2O]R − [H2O]LV

∗ ) [∫ CPH2O,L

100

TR
dT + ∆Hvap,100°C + ∫ CPH2O,V

TR

100
dT]  

Substituting heat capacity correlations in Table 3.3 into equation 3.11 gives: 

∂T

∂r
|
r=R

= 
hv

kH2O

(TV − TR) − 
kmH2O

kH2O
([H2O]R − [H2O]LV

∗ ) ∙    3.12 

[
∫ 75.4

100

TR−273.15
dT + ∆Hvap,100°C

+∫ 103 ( 33.46 ∙ 10−3 + 0.688 ∙ 10−5T

+0.7604 ∙ 10−8T2 − 3.593 ∙ 10−12T3
) dT

TR−273.15

100

]  

Simplifying equation 3.12 gives: 

∂T

∂r
|
r=R

= 
hv

kH2O

(TV − TR) − 
kmH2O

kH2O
([H2O]R − [H2O]LV

∗ ) ∙    3.13 

[
 
 
 
 

75.4(100 − (TR − 273.15)) + ∆Hvap,100°C

+(
33.46((TR − 273.15) − 100) + 0.688 ∙ 10−2 (TR−273.15)2−1002

2

+0.7604 ∙ 10−5 (TR−273.15)3−1003

3
− 3.593 ∙ 10−9 (TR−273.15)4−1004

4

)

]
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3.2.3 Transformation of derived PDEs into new coordinates 

To account for the moving boundary (surface of the water droplet), the PDEs which are derived in 

terms of r and t, can be transformed into new coordinates w and t, where: 

w(t, r) = 
r

R
     3.14 

This transformation will aid in numerical solution of the PDEs because the outer boundary of the 

droplet will have a fixed value of w(t, R) = 1 in the transformed coordinates. Derivatives of w can 

be written in terms of total derivatives as follows: 

dw =  
∂w

∂r
|
t
dr + 

∂w

∂t
|
r
dt    3.15  

Taking derivatives both sides of equation 3.14 with respect to r gives: 

∂w

∂r
|
t
=

1

R
     3.16 

and with respect to t gives: 

∂w

∂t
|
r
=

∂

∂t
(

r

R
)    3.17 

The radius R is a function of time because it changes due to water evaporation, thus, equation 3.17 

can be written as: 

∂w

∂t
|
r
= r

∂

∂t
(

1

R(t)
) = − 

r

R2

dR

dt
    3.18 

Substituting equations 3.16 and 3.18 into equation 3.15 gives: 

dw =
1

R
dr − 

r

R2

dR

dt
dt =

1

R
dr − 

r

R2
dR   3.19  
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In the original coordinates, any arbitrary variable X (i. e. , [CO2]L, [H2CO3,T]
L
, or T) depends on r 

and t so that: 

dX(t, r) = 
∂X

∂r
|
t
dr + 

∂X

∂t
|
r
dt    3.20 

Alternatively, in the new coordinates, X is a function of w and t so that: 

dX(t, w) = 
∂X

∂w
|
t
dw + 

∂X

∂t
|
w

dt   3.21 

Substituting equation 3.19 into equation 3.21 gives: 

    dX(t, w) = 
∂X

∂w
|
t
(

1

R
dr − 

r

R2
dR) + 

∂X

∂t
|
w

dt   3.22 

Comparing equations 3.20 and 3.22 at constant t (i.e., dt = 0 and dR = 0) gives: 

     
∂X

∂r
|
t
dr =

∂X

∂w
|
t

1

R
dr     3.23 

or: 

     
∂X

∂r
|
t
=

1

R

∂X

∂w
|
t
     3.24 

The second derivative of X, 
∂

∂r
(r2 ∂X

∂r
|
t
)|

t
, which appears in the PDEs also needs to be 

transformed. Considering r2 ∂X

∂r
|
t
 in place of the arbitrary variable X in equation 3.24 gives: 

    
∂(r2∂X

∂r
|
t
 )

∂r
|
t

=
1

R

∂(r2∂X

∂r
|
t
 )

∂w
|
t

    3.25 
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Substituting r2 = (R∙w)2 and equation 3.24 into the right-hand side of equation 3.25 to get: 

   
∂

∂r
(r2 ∂X

∂r
|
t
 )|

t
=

1

R

∂

∂w
((R ∙ w)2 1

R

∂X

∂w
|
t
 )|

t
   3.26 

Simplifying equation 3.26 gives: 

    
∂

∂r
(r2 ∂X

∂r
|
t
 )|

t
=

∂

∂w
(w2 ∂X

∂w
|
t
 )|

t
   3.27 

Next, comparing equations 3.20 and 3.22 at constant r or dr = 0 gives: 

    
∂X

∂t
|
r
dt =

∂X

∂w
|
t
(− 

r

R2
dR) + 

∂X

∂t
|
w

dt    3.28 

Dividing both sides by dt, and substituting r = R∙w result in: 

    
∂X

∂t
|
r
= (− 

w

R

dR

dt
)

∂X

∂w
|
t
+ 

∂X

∂t
|
w

   3.29 

In summary, expressions shown in Table 3.4 can be used to transform the original PDEs (written 

in terms of r and t) into new PDEs (written in terms of w and t). 

Table 3. 4: Equations used in transforming PDEs to new coordinates 

Equations No. 

r = R∙w 3.14 

∂X

∂r
|
t
=

1

R

∂X

∂w
|
t
 3.24 

∂

∂r
(r2

∂X

∂r
|
t
 )|

t

=
∂

∂w
(w2

∂X

∂w
|
t
 )|

t

 3.27 

∂X

∂t
|
r
= (− 

w

R

dR

dt
)

∂X

∂w
|
t
+ 

∂X

∂t
|
w

 3.29 
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For example, equation 3.7 and its boundary conditions 3.8 and 3.13 can be transformed into the 

new coordinates by using the equations in Table 3.4, where X is T as follows: 

Substituting equations 3.14, 3.27, and 3.29 into equation 3.7 gives: 

(− 
w

R

dR

dt
)

∂T

∂w
|
t
+ 

∂T

∂t
|
w

=
MH2OkH2O

ρ
H2O

CPH2O,L
(R∙w)2

∂

∂w
(w2 ∂T

∂w
|
t
 )|

t

   3.30 

Rearranging equation 3.30 leads to:  

  
∂T

∂t
|
w

=
MH2OkH2O

ρ
H2O

CPH2O,L
(R∙w)2

∂

∂w
(w2 ∂T

∂w
|
t
 )|

t

+ ( 
w

R

dR

dt
)

∂T

∂w
|
t
   3.2.6 

For the two boundary conditions, substituting equation 3.24 into the boundary condition at the 

droplet centre (equation 3.8), where (w = 
0

R
 = 0) gives: 

∂T

∂w
|
w=0

= 0     3.2.6b 

and the boundary condition at the surface of the water droplet (equation 3.13), where w = 
R

R
 = 1 

gives: 

∂T

∂w
|
w=1

=  R
hv

kH2O

(TV − TR) − R
kmH2O

kH2O

([H2O]R − [H2O]LV
∗ )∙    3.2.6c 

[
 
 
 
 

75.4(100 − (TR − 273.15)) + ∆Hvap,100°C

+(
33.46((TR − 273.15) − 100) + 0.688 ∙ 10−2 (TR−273.15)2−1002

2

+0.7604 ∙ 10−5 (TR−273.15)3−1003

3
− 3.593 ∙ 10−9 (TR−273.15)4−1004

4

)

]
 
 
 
 

  

The PDEs for [CO2]L and [H2CO3,T]L along with their ICs and BCs can be transformed using the 

same procedure above to obtain equations 3.2.2 and 3.2.3, respectively. 
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3.3 Model solution using COMSOL® 

The PDEs in Table 3.2 which are written in the new coordinates w and t (rather than r and t) to 

account for the moving boundary at the surface are more complicated than the PDEs in Table 2.4. 

These transformed PDEs are no longer in a standard form that can be implemented using the built-

in-physics modules in COMSOL®. Thus, to implement the equations of this model into 

COMSOL®, several adjustments to the PDEs in Table 3.2 and the COMSOL® settings are required. 

The shrinking droplet model was implemented via user-defined-equations modules. To match the 

equation structure required by these modules equations 3.2.2, 3.2.3, and 3.2.6 were rewritten. For 

equation 3.2.2, the second derivative on the right-hand side was expanded to obtain: 

∂[CO2]L

∂t
=

DCO2

(R∙w)2
(2w

∂[CO2]L

∂w
+ w2 ∂2[CO2]L

∂w2 ) + k−1[H2CO3]L − k1[H2O]L[CO2]L  3.31 

+
w

R

dR

dt

∂[CO2]L

∂w
  

Multiplying both sides by R2 and then rearranging gives: 

R2 ∂[CO2]L

∂t
− DCO2

∂2[CO2]L

∂w2 − (
2DCO2

w
+ Rw

dR

dt
)

∂[CO2]L

∂w
= R2(k−1[H2CO3]L − k1[H2O]L[CO2]L) 

            3.32 

 

Similarly, equation 3.2.3 was written as: 

R2 ∂[H2CO3,T]
L

∂t
− DH2CO3,T

∂2[H2CO3,T]
L

∂w2
− (

2DH2CO3,T

w
+ Rw

dR

dt
)

∂[H2CO3,T]
L

∂w
   3.33 

= R2(k1[H2O]L[CO2]L − k−1[H2CO3]L)         

and equation 3.2.6 as: 

ρH2OCPH2O,L
R2

MH2O

∂T

∂t
− kH2O

∂2T

∂w2
− (

2kH2O

w
+

ρH2OCPH2O,L

MH2O
Rw

dR

dt
)

∂T

∂w
= 0  3.34 
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Equations 3.32 to 3.34 are in an appropriate form for implementation as user-defined-equations. 

Before implementing equations 3.32 to 3.34, I first tested the application of user-defined-equations 

modules using the model in Chapter 2 (where the model equations in Table 2.4 were also 

transformed into the new coordinates w and t). Identical results were obtained for the user-defined-

equations modules and the equations solved using the built-in-physics modules. Further detail 

about implementing the shrinking droplet model equations into COMSOL® is shown in Appendix 

F.2. 

Note that the geometry specification that was used to solve the model in Chapter 2 is 2D-

axisymmetry (two-dimensional geometry). This geometry settings can also be used for this 

shrinking droplet model. However, solving the PDEs using this specification requires much more 

time than the model in Chapter 2 because the equations are more complicated. To improve the 

processing time for the shrinking droplet model, the geometry specification was changed to 1D-

axisymmetry (one-dimensional geometry). This change greatly reduces the processing time 

because the solver only needs to discretize the PDEs in one dimensional space. 

3.4 Simulation results and discussions 

In this section, some base case simulations are described using settings provided in Tables 3.5 and 

3.6. Then a sensitivity analysis is performed to investigate influences of several parameters 

including: i) droplet velocity (u), ii) fraction of CO2 mass-transfer resistance at the interface (fmI), 

iii) interfacial partition coefficient of CO2 (KIL,CO2
), iv) interfacial partition coefficient of H2CO3,T 

(KIL,H2CO3
) and v) flue gas condition (composition and temperature). The first four parameters 

were perturbed to the lower and upper values in Table 3.5. Several variables were perturbed 

simultaneously to study the influence of the flue gas conditions. The base case conditions for the 

flue gas (see Table 3.6) are inlet temperature and composition for diluted flue gas obtained via 
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material balance calculations for the C-3 process (see Appendix A). Similarly, the outlet flue gas 

conditions in Table 3.6 were obtained using measured CO2 concentration material balance 

calculations from down stream data of the reactor module in the C-3 process (see Appendix A).  

Note that the water concentration in this outlet vapour stream is sufficiently high so that it is either 

supersaturated with water or it contains small water droplets that were not collected as part of the 

condensate stream (see Figure 2.1). The influence of flue gas condition is investigated because the 

entering droplets will first encounter the cool flue gas (near the right edge of Figure 3.1) whose 

temperature and composition are different from the hot flue gas (entering at the left in Figure 3.1). 

The values of outlet flue gas composition in Table 3.6 correspond to 50% CO2 removal via the C-

3 process.  

Table 3. 5: Settings for sensitivity analysis of shrinking droplet model 

Adjustable Parameters 
Base 

Values 

Lower 

Values 

Upper 

Values 
Units 

Velocity of the water droplet (u) 0 0 160 m/s 

Fraction resistance within the interface (fmI) 0.5 0.1 0.9 - 

Interfacial CO2 partition coefficient (KIL,CO2
) 1∙10-9 1∙10-11 0.01 m 

Interfacial H2CO3 partition coefficient (KIL,H2CO3
) 1∙10-8 1∙10-10 0.1 m 

 

Table 3. 6: Flue gas conditions for sensitivity analysis 

Conditions 
Inlet condition 

(Base values) 
Outlet condition 

Temperature (°C) 100  30 

Composition 

(mole 

fraction) 

CO2 0.01 0.004 

H2O 0.032 0.173 

O2 0.193 0.166 

N2 0.765 0.657 
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Figure 3.4 shows the simulation results obtained using the base-case settings from Table 3.5. 

Figure 3.4 a) shows that the water droplet shrinks, as expected, due to water evaporation and it 

disappears at ~0.0039 s. Running the COMSOL® simulation beyond ~0.0039 s results in the error 

message: “Repeated error test failures. May have reached a singularity.” This error occurs because 

the model equations are no longer valid after R reaches zero. As shown in Figure 3.4 b), the 

temperature T at the droplet centre reaches equilibrium nearly instantaneously. The equilibrium 

temperature within the water droplet is only slightly higher than its initial temperature and is much 

lower than the flue gas temperature of 100 °C, which is held constant during the simulations (see 

Assumption 3.1.3). These simulation results indicate that most of the heat that transfers from the 

flue gas to the droplet surface is used to evaporate water at the surface. The rate of water 

evaporation is high and, as the water evaporates, heat is removed from the droplet so that only a 

small amount of heat transfers toward the droplet centre. The temperature of the water droplet 

remains unchanged at the equilibrium temperature (~ 298.6 K) even though it is considerably lower 

than the flue gas temperature (100 °C), because the convective heat transfer from the flue gas to 

the droplet surface is balanced by the heat loss due to water evaporation from the droplet.  

Figures 3.4 c) to f) show the behaviour of [CO2] and [H2CO3,T] at the droplet centre and at the 

interface predicted by this model, confirming that these simulation results are similar to those for 

the model in Chapter 2 (see Figure 2.7). However, in Figures 3.4 c) and d), both [CO2]L and 

[H2CO3,T]L at the droplet centre require more time to reach equilibrium compared to their responses 

in Figure 2.7, where R and T were held constant. The main reason for the slower dynamics in 

Figure 3.4 is that the predicted temperature reaches only 298.6 K (which is much lower than T = 

335.65 K used in the simulations in Chapter 2) leading to lower diffusivities of CO2 and H2CO3,T 

(see equations 2.2.15 and 2.2.16). 
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Figure 3. 4: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained using 

base-case settings 

 

As expected, Figures 3.4 c) and 3.4 d) show that the dynamics for [CO2]L and [H2CO3,T]L at the 

droplet centre are much slower than the dynamics for the temperature at the droplet centre because 

heat transfer tends to be faster than mass transfer. On the other hand, [CO2]I at the interface reaches 

equilibrium nearly instantaneously as shown in Figure 3.4 e). Note that in Figures 3.4 d) and 3.4 

f), [H2CO3,T]L at the droplet centre and [H2CO3,T]I at the interface have a sharp increase near t = 

0.0039 s, the predicted time for the droplet disappearance. Near t = 0.0039 s, the size of the droplet 
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decreases rapidly, which also reduces the droplet surface area, resulting in increases in [H2CO3,T]L 

at the droplet centre and [H2CO3,T]I at the interface. Since the absorbed/adsorbed H2CO3,T at the 

interface cannot exit to the vapour phase, the interfacial concentration builds as the surface area 

decreases, causing more H2CO3,T to diffuse toward the droplet centre. For [CO2]L and [CO2]I, 

similar behaviour is not observed in Figures 3.4 c) and 3.4 e) because the absorbed/adsorbed CO2 

can transfer from the droplet surface to the vapour phase as the droplet size decreases. As a result, 

the CO2 concentrations at droplet centre and at the interface stay at their equilibrium values as the 

droplet shrinks. 

Figure 3.5 shows spatial profiles of T, [CO2]L and [H2CO3,T]L within the water droplet at different 

times. Figure 3.5 a) confirms that heat transfer is very fast relative to mass transfer so that the 

temperature stabilizes at the equilibrium value at a very early time below 0.0001 s. Note that the 

temperature curves for the five different times appear on top of one another in Figure 3.5 a). As 

confirmed in Figure 3.5 b), the predicted concentration of CO2 at any position increases as time 

increases. As expected, [H2CO3,T]L tends to be lower at shorter times and the minimum value of  

[H2CO3,T]L occurs at the droplet centre as shown in Figure 3.5 c). The concentration flattens out 

near r = R because H2CO3,T can transfer to the interface but cannot exit from the droplet. Most 

importantly, the predicted values of [H2CO3,T]L are very small compared to values of [CO2]L shown 

in Figure 3.5 b), which indicates that the reaction dynamics are very slow due to the low 

temperature (298.6 K) of the water droplet. The predicted behaviour of the dependent variables 

(i.e., R, T, [CO2]L, [H2CO3,T]L, [CO2]I and [H2CO3,T]I) shown in Figures 3.4 and 3.5 would not be 

expected in a more complex and realistic model where temperature and composition of the flue 

gas change with time and position due to evaporation of water and absorption of CO2. 
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Figure 3. 5: Predicted spatial profiles of T, [CO2]L and [H2CO3,T]L within the droplet at different 

times 

 

Figure 3.6 shows the predicted behaviour of the dependent variables at two different water droplet 

velocities. Figure 3.6 a) shows that the high-velocity droplet shrinks faster than the stationary 

droplet and disappears after only 0.0017 s. The reason for this behaviour is that the mass transfer 

coefficient between the droplet surface and the flue gas (kmH2O) increases with water droplet 

velocity (see Figure 3.7). Figures 3.6 c) and 3.6 d) show that [CO2]L and [H2CO3,T]L at the droplet 

centre increase slightly faster when the droplet moves at high velocity because the high-velocity 

droplet shrinks faster. Figures 3.6 e) and 3.6 f) show that velocity of the droplet does not have an 

important effect on [CO2]I and [H2CO3,T]I. As similar to the model in Chapter 2, the fraction of the 

CO2 mass-transfer resistance at the interface (fmI) has no noticeable effect on the dependent 

variables (see Appendix G). 
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Figure 3. 6: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained using 

base-case settings and a range of droplet velocities (shrinking droplet model)   

  

 

Figure 3. 7: Predicted changes in mass transfer coefficient of water in the flue gas (kmH2O) with 

droplet velocity (u) and radius (R) 
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Figure 3.8 compares the results obtained at three different values of the partition coefficient 

KIL,CO2
. As shown in Figures 3.8 a) and 3.8 b), KIL,CO2

 has no effect on the radius and the 

temperature of the droplet. Figures 3.8 c) shows that, for the highest value of KIL,CO2
 used in the 

simulations, [CO2]L at the droplet centre increases more slowly than when lower values are used. 

The reason for this behaviour is that a relatively large quantity of CO2 is absorbed/adsorbed at the 

interface, slowing the rate of CO2 mass transfer into the bulk of the droplet. Near t = 0.0039 s when 

the droplet is predicted to disappear, the concentrations of CO2 at the interface and droplet centre 

increase dramatically as the surface area decreases, forcing CO2 to diffuse toward the droplet 

centre (and also to transfer into the gas phase). Figure 3.8 d) shows that [H2CO3,T]L at droplet 

centre increases more slowly at the highest value of KIL,CO2
 because more time is required for CO2 

to diffuse toward droplet centre due to the larger amount of CO2 accumulating at the interface.  
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Figure 3. 8: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained using 

base-case settings and a range of KIL,CO2
 

 

Figure 3.9 shows the results obtained at three different values of KIL,H2CO3
. As shown in Figures 

3.9 a), 3.9 b), 3.9 c) and 3.9 e), KIL,H2CO3
 has no noticeable effect on the radius, the temperature at 

the droplet centre, and [CO2] at the droplet centre and at the interface. Figure 3.9 d) shows that for 

the highest value of KIL,H2CO3
, [H2CO3,T]L at droplet centre reaches a maximum concentration of 

approximately 10-5 mol/m3 at ~0.0013 s and then decreases with time. This behaviour is related to 

the relatively large amount of H2CO3,T that accumulates at the interface as shown in Figure 3.9 f).  
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Figure 3. 9: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained using 

base-case settings and a range of KIL,H2CO3
 

 

Figures 3.10, which shows radial temperature and concentration profiles within the droplet at 

various times, confirms that the predicted profiles of temperature and CO2 obtained using the 

highest value of KIL,H2CO3
are similar to the corresponding responses obtained using the base-case 

settings (see Figure 3.5 a) and 3.5 b)).  The profiles in Figure 3.10 c) help to explain the somewhat 

unexpected behaviour of [H2CO3,T] at the droplet centre in Figure 3.9 d) for the highest value of 

KIL,H2CO3
, which reaches a maximum and then decreases as the droplet continues to shrink. Figure 
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3.10 c) shows that, at early times (e.g., 0.0001 s), a small amount of H2CO3,T is formed within the 

droplet. The corresponding profile has a maximum near r = 2.2 µm because H2CO3,T that forms 

near the outer edge of the droplet is rapidly transferred to the interface due to its high affinity for 

H2CO3,T. As time increases, [H2CO3,T]L within the droplet increases as more CO2 becomes 

available within the droplet leading to additional H2CO3,T formation. At ~0.0013 s (see Figure 3.9 

d)), the concentration of H2CO3,T at the droplet centre begins to decrease because the rate of 

transfer toward the interface becomes larger than the rate of H2CO3,T generation by reaction. As 

the interface becomes closer to the droplet centre, the resistance to mass transfer within the droplet 

becomes smaller.   

 

Figure 3. 10: Predicted spatial profiles of T, [CO2]L and [H2CO3,T]L within the droplet at different 

times obtained using KIL,H2CO3
= 0.1 m 
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Figure 3.11 compares simulation results obtained at two different flue gas conditions including i) 

inlet flue gas which is hot and dry, and ii) outlet flue gas which is cool and humid as indicated in 

Table 3.6. For the purposes of these simulations, I assume that the outlet flue gas is supersaturated 

with water so that the only droplets present are identical to the freshly-injected fogging water 

droplet that is simulated here. Figure 3.11 a) shows that the cold water droplet, with an initial 

temperature of 25 °C begins to grow instead of shrink when it encounters the moist outlet flue gas 

because water vapour tends to condense on the cool droplet surface. The temperature of the droplet 

rises nearly instantaneously to 57 °C, as shown in Figure 3.11 b), which is hotter than the exit flue 

gas temperature due to the latent heat of condensation released at the droplet surface. 

 Figures 3.11 c) and 3.11 e) show that more CO2 can be absorbed within the droplet and adsorbed 

at the interface for the inlet-condition case because the concentration of CO2 in the inlet flue gas 

is higher than the concentration of CO2 in the outlet flue gas. Figures 3.11 d) and 3.11 f) show that 

more H2CO3,T forms for the outlet-condition case because of the higher predicted temperature. 

Note that if the model is simulated using the outlet flue gas condition, [H2CO3,T]L eventually 

reaches an equilibrium value of approximately 0.006 mol/m3 at the droplet centre after ~15 s (not 

shown in Figure 3.11). By contrast, [H2CO3,T]L never reached equilibrium in the inlet-condition 

case because the droplet disappears after only 0.0039 s. In future, it will be important to perform 

more accurate simulations that account for changes in gas composition and temperature as the 

injected droplets move counter-current to the flue gas, as shown in Figure 3.1.  
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Figure 3. 11: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained using 

conditions of the flue gas at the inlet and at the outlet 

 

The current shrinking (and growing) droplet equations and simulations provide an important 

mathematical basis for developing this future model. Based on the simulation results in Figures 

3.4 to 3.11, it is clear that the droplet temperature responds much more quickly than concentrations 

of CO2 and H2CO3,T. As a result, it would be prudent to assume the droplet temperature responds 

instantaneously when droplets come in contact with the flue gas and to neglect any radial 

temperature gradients within the droplets.  In addition, it is clear that the size of the water droplets 
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can change rapidly in response to different flue gas temperatures and moisture levels, so account 

for droplet shrinkage (and possibly growth) will be important in future models. Furthermore, the 

droplet velocity influences the rate of droplet shrinkage due to changes in the water mass transfer 

coefficient, so it will be important for future models to track changes in droplet velocity with 

position inside the reactor module. The simulation results in Figures 3.4 to 3.11 help to confirm 

that the amount of CO2 removed (either as dissolved CO2, dissolved H2CO3,T or adsorbed/absorbed 

CO2 and H2CO3,T at the droplet interface) is strongly affected by flue gas temperature and 

composition and by the droplet radius. 

3.5 Conclusions 

The shrinking droplet model developed in this chapter considers two additional phenomena 

compared with the model from Chapter 2: i) heat transfer from the flue gas to the water droplet 

and ii) shrinkage of the water droplet due to water evaporation at the surface. Simulation results 

show that the droplet shrinks very fast and disappears at ~0.0039 s for the base-case settings. The 

predicted equilibrium droplet temperature is only slightly higher than its initial temperature, which 

indicates that most of the heat from the flue gas is used to evaporate water and that the heat transfer 

from the flue gas is balanced by the heat loss due to water evaporation. The dynamics of CO2 

absorption are similar to that in the previous model. However, a longer time is needed for CO2 at 

the droplet centre to reach equilibrium. For H2CO3,T, peculiar behaviour is observed at droplet 

centre and at the interface where the concentrations increase dramatically near t=0.0039 s due to 

decreasing surface area. However, this behaviour would not be expected in more advance models 

that account for changes in flue gas temperature and composition; there would be less tendency 

for the droplets to disappear if the flue gas temperature decreased and the flue gas moisture content 

increased in response to water evaporation.  
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In this shrinking droplet model, heat transfer is shown to be much faster than mass transfer. Results 

from the sensitivity analysis reveal that, in addition to the interfacial partition coefficients KIL,CO2
 

and KIL,H2CO3
, the velocity of the water droplet and the flue gas temperature and composition are 

also important for predicting CO2 removal rates. The radius of a high-velocity water droplet 

decreases faster than that of a stationary droplet, which influences the amount of CO2 and H2CO3,T 

adsorbed/absorbed. Water droplets are predicted to either shrink or grow depending on the 

temperature and moisture content of the flue gas.  

3.6 Suggestions for future modelling work 

As shown in section 3.4, temperature and composition of flue gas and the water droplet velocity 

are important parameters in the CO2 capture process. One of the next model-development steps 

that could be performed to enable better understanding of the C-3 process is to account for: 

• Changes in flue gas composition due to CO2 adsorption/absorption and water evaporation 

• Changes in flue gas temperature due to heat transfer to water droplets and water 

evaporation and condensation  

• Changes in water droplet velocity/movement and counter-current flow inside the reactor 

module  

Some initial thoughts on how to extend the model is presented here. The model can be developed 

further by considering a section of thickness ∆x of the reactor module as shown in Figure 3.12. 

Within the section ∆x, flue gas flows from left to right with a velocity of uV m/s and a number of 

Nd droplets flow horizontally in the opposite direction with a velocity of udb m/s. To account for 

the change in velocity of these water droplets, as they move between thin sections of thickness ∆x, 

it will be important to perform a momentum balance. Eventually, as the droplets move from right 
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to left, they will slow to a velocity of zero and turn around to flow as Nd smaller water droplets 

moving from left to right, accelerating as they catch up with the flue gas. It will be important to 

develop material, energy and momentum balances for both the larger droplets moving to the left 

and the smaller droplets moving to the right. The resulting PDEs will be derived in terms of the 

independent variables t, r and x and will need to be transformed to PDEs in t, w and x to account 

for droplet shrinkage (and perhaps growth) with time and position along the reactor module. Note 

that this proposed model would not account for descent of droplets in the y direction due to gravity 

nor for coalescence of the water droplets, which could perhaps be included in a later model. This 

preliminary view of how a more realistic model could be developed is presented here for future 

graduate students who may want to work on this project. 

uds

x x +  x

uV

x

y

udb

 

Figure 3. 12: Schematic diagram for future model that accounts for changes in temperature and 

composition of the flue gas, and movement of multiple water droplets 
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Chapter 4 :  Conclusions, contributions, and recommendations 

4.1 Conclusions 

Two models are proposed in this thesis. The first considers dissolution of CO2 in water, conversion 

of CO2 to H2CO3 and its ions, adsorption of CO2 on the water droplet surface and congregation of 

H2CO3 just inside the droplet surface. Additional phenomena included in the second more-complex 

model are heat transfer from the flue gas to the droplet and droplet shrinkage due to water 

evaporation. The equations and simulation results from these models will aid future model 

development work. 

Based on the simulation results obtained from the proposed models, the following conclusions can 

be made: 

• The high CO2 removal rate of the C-3 process cannot be explained by Henry’s law and 

formation of H2CO3 and its ions. Other phenomena must be involved to explain the CO2 

removal rates that have been observed experimentally. 

• The proposed models predict that the amount of CO2 removed increases as temperature 

decreases, and as droplet size decreases. 

• The fraction of the CO2 mass-transfer resistance at the interface (fmI) has very little effect 

on the CO2 capture process for the simulation cases considered using both proposed 

models.  

• The interfacial partition coefficients (KIL,CO2
and KIL,H2CO3

) have been shown to be very 

important as they can explain the high CO2 removal rate observed if the values of KIL,CO2
or 

KIL,H2CO3
 are as large as 0.01 m or 0.1 m, respectively. Unfortunately, there are no 
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experimental results in the literature that provide reliable information about reasonable 

values of KIL,CO2
and KIL,H2CO3

. 

• Heat transfer within the droplets is predicted to be much faster than mass transfer of CO2 

within the droplets.  

• The velocity of the water droplet is important when heat effects are taken into consideration 

because heat and mass-transfer coefficients are much larger for high-velocity (i.e., 160 m/s) 

water droplets than stationary droplets. As a result, droplet shrinkage is predicted to be 

more rapid for high-velocity droplets. 

• Temperature and composition of the flue gas are also important as they influence droplet 

size and droplet temperature. If the flue gas is hot and dry, the droplet is predicted to shrink 

rapidly, disappearing after only ~0.0039 s. If the flue gas is cool and supersaturated, the 

droplets can grow and the droplet temperature can become higher than the flue gas 

temperature. 

• The temperature of a shrinking (or growing) droplet can stabilize at a value that is either 

higher or lower than that of surrounding flue gas if the rate of convection to the droplet 

surface is balanced by the rate of heat loss due to water evaporation.     

4.2 Contributions 

Contributions of this work include: 

• The results of this work help to better understand the influences of possible CO2 capture 

mechanisms and heat-transfer phenomena on the CO2 capture process using micron-size 

water droplets. 
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• In Chapter 2 and Chapter 3, influences of several parameters on the adsorption/absorption 

process have been investigated to aid future researcher who may perform experimental 

study focusing on CO2 removal of the small water droplets. For example, I have determined 

order-of-magnitude values for interface partition coefficients that would be required to 

explain the amount of captured CO2 reported by Eco Power Solutions Corporation. 

• Chapter 2 provides a literature review and associated information about several additional 

CO2 capture mechanisms that were not considered in this work. This information gives 

future students/researchers a starting point for further investigation on the CO2 capture 

mechanism using small water droplets, especially, the complex interactions that have been 

reported and predicted between CO2 and water surfaces.  

• Chapter 3 provides suggestions for future modelling work to develop more comprehensive 

model that accounts for additional important phenomena including: changes in droplet 

velocity as injected droplets first move counter current to the flue gas and then cocurrent 

with the flue gas, changes in flue gas temperature with position along the length of the 

reactor module and changes in flue gas composition with position within the reactor 

module.  

• In Chapter 3 and Appendix D, the detailed derivation of model equations (including 

transformations of the partial differential equations into new coordinates to account for 

shrinkage) will be helpful for future students who may derive new models that account for 

additional phenomena.  

• Appendix F shows how the model equations were implemented in COMSOL® to assist 

future users to reproduce the results, and to aid future student who may improve/develop 

more complicated models in COMSOL®. 
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4.3 Recommendations for future work 

• The simulation results showed that the interfacial partition coefficients KIL,CO2
and 

KIL,H2CO3
 are important in predicting the amount of CO2 removed, however, their values 

have not been reliably determined. Therefore, an experimental study that focuses on 

adsorption/absorption of CO2 and H2CO3,T at the droplet interface is recommended to be 

performed.  

• Additional mechanisms/phenomena that are mentioned in Chapter 2 and Chapter 3 

including i) gas-phase reactions that lead to the formation of H2CO3; ii) H2CO3 formation 

at the vapour-liquid interface, iii) congregation of dissolved CO2 molecules on the liquid 

side of the droplet interface, iv) droplet coalescence, v) change in flue gas composition, vi) 

change in flue gas temperature and vii) movement of water droplets might be considered 

in future modeling studies and experimental investigations. However, I recommend that no 

further modeling work should be performed until additional experimental data become 

available to support the modeling effort. 

 

  



85 

 

Appendices   

A. Experimental data and material balance calculations to determine flue gas 

composition shown in Table 2.1 and Table 3.6 
 

Information in Table A.1 was used to perform the material balance calculations based on the 

process flow diagram in Figure A.1, which is based on the C-3 process. As shown in Table A.1, 

the mole fractions of CO2 in stream 5 was 0.009129 and in stream 8 was 0.0006117. These values 

are the average mole fraction obtained from the data set which was collected in May 29th, 2013.  

Table A.1: Experimental data 

Parameters Value Units Ref. 

Mass flow rate of flue gas before diluting with air (ṁ3) 454 kg/h [1] 

Mass flow rate of diluting air (ṁ4) 1814 kg/h [1] 

Mass flow rate of injected water in both fogging stages (ṁ6) 591 kg/h [1] 

Mass flow rate of water in stream 7 (ṁH2O,7) 341 kg/h 
[1] 

Mole fraction of CO2 in stream 5 9129 ppm [2] 

Mole fraction of CO2 in stream 8 611.7 ppm [2] 

Percentage of CO2 removal 93.9 % [2] 

Coal composition: 

C 

H 

O 

N 

S 

Ash 

Moisture 

 

69.87 

4.74 

6.38 

1.15 

2.21 

13.22 

2.43 

wt% [1] 

Air conditions: 

Relative humidity 

Temperature 

Composition (dry air): 

CO2 

O2 

N2 

 

65 

31 

 

390 

0.21 

0.78961 

 

% 

°C 

 

ppm 

mole fraction 

mole fraction 

 
[1] 
[1] 

 
[3] 
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Determination of air composition 

The air composition in Table A.1 is the composition of dry air and it is used to determine the 

composition of the wet air (including water) as follows. The dry air mass flow rate (stream 4) can 

be calculated using the mass flow rate of diluting air (= 1814 kg/h, Table A.1) and the amount of 

water in the air (0.0185 kg H2O/ kg dry air which was obtained from psychrometric chart [4] at the 

temperature of 31 °C and 65 % relative humidity) as shown below. 

ṁdry air,4 = 
ṁ4

(1+mass fraction of H2O)
 = 

1814 
kg air

h

(1+0.0185)
 = 1781 

kg dry air

h
 

 The molar flow rate of the dry air (stream 4) is: 

ṅdry air,4=  
ṁdry air,4 

MWair
 =  

1781 
kg air

h

0.00039 MWCO2+ 0.21 MWO2+0.79861 MWN2

 = 61.69 
kmol

h
 

The molar flow rates of all the components in the air (excluding water) can then be calculated 

using the dry air composition in Table A.1 and the molar flow rate of dry air calculated above. The 

molar flow rate of H2O can also be calculated using the mass fraction of H2O in the air (0.0185 kg 

H2O/ kg dry air), mass flow rate of the dry air (ṁdry air,4) and the molecular weight of H2O. The 

results are then used to calculate the composition of the air (including water) which will be used 

in the material balances. The calculated air composition is shown in Table A.2 below. 

Table A.2: Air composition 

Components Mole fraction 

CO2 0.00038 

O2 0.204 

N2 0.767 

H2O 0.0288 

 

 



87 

 

Determination of empirical chemical formula of coal 

To determine the mole fractions of all the species in stream 5, it is important to first consider the 

combustion of the coal in the boiler. The composition of the coal (on a mass basis) is given in 

Table A.1. Using this information, I first find the number of kmol of each element in 100 kg of 

coal as shown in Table A.3. 

Table A.3: Coal’s chemical formula calculation 

Elements 
m M n 

kg kg/kmol kmol kmol 

C 69.87 12.011 5.82 5.82 

H 4.74 1.0079 4.70 4.97 

O 6.38 15.9994 0.399 0.534 

N 1.15 14.0067 0.082 0.082 

S 2.21 32.06 0.069 0.069 

Ash 13.22 - - - 

Moisture 2.43 18.02 0.135 - 

 

The number of moles of moisture in the coal is shown in column 4 of Table A.3. It was converted 

into the corresponding number of moles of H and O atoms which were then included in the moles 

of H and O in the coal as shown in column 5. Note that the ash content in the coal was excluded 

in this calculation. The total number of moles of all the elements were used to generate an empirical 

chemical formula for the coal, which was found to be C5.82H4.97O0.534N0.082S0.069.  

Material balance calculations 

The following schematic diagram was used for the material balance calculations. Coal in stream 1 

is burnt with excess air (stream 2) to produce the flue gas in stream 3. Diluting air (stream 4) is 

used to reduce the temperature before stream 5 enters the reactor module. Water (stream 6) is 

sprayed into the reactor module (along with H2O2, which is ignored in these calculations). The 
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resulting condensate (stream 7) contains a mixture of water and dissolved CO2. The flue gas in 

stream 8 contains N2, O2, H2O, and CO2. 

 

Figure A.1: Simplified schematic diagram for combined boiler and C-3 process 

In the calculations, the notation used is: 

- ṅj: total molar flow rate of stream j (kmol/h). 

- ṅi,j: molar flow rate of component i in stream j (kmol/h). 

- ṁj: total mass flow rate of stream j (kg/h). 

- ṁi,j: mass flow rate of component i in stream j (kg/h). 

- MWi: molecular weight of component i (kg/kmol). 

- i: chemical compound (can be CO2, H2O, N2, or O2).  

- j: stream number according to Figure A-1 (can be 1, 2, 3, 4, 5, 6, 7, or 8). 

 

 

Stream 1 Stream 6

Coal Water (both fogging stages)

H2O

Stream 3

Flue Gas Stream 5

CO2 CO2 CO2

H2O H2O H2O

O2 O2 CO2 O2

N2 N2 H2O H2O N2

O2 CO2

N2

Stream 7

Condensate

Stream 4

Diluting Air

Stream 2

Air Clean Flue Gas

Stream 8
Air

Reactor ModuleBoiler
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Flue gas was generated by burning the coal in air. Assume that the products when the coal is 

completely combusted are CO2, H2O, N2, and SO2 as shown in the reaction below: 

C5.82H4.97O0.534N0.082S0.069 + 6.86 O2         5.82 CO2 + 2.49 H2O + 0.041 N2 + 0.069 SO2  

            A.1 

For one kmol of coal burnt, there are 5.82 kmol of CO2, 
4.97

2
 kmol of H2O, 

0.082

2
 kmol of N2 and 

0.069 kmol of SO2 produced. Thus, the total number of moles of O atoms produced from the 

combustion reaction is 14.26 kmol. Since 0.534 kmol of O were already present in the coal, then 

13.73 kmol of O (or equivalently 6.86 kmol of O2) from the air are required for complete 

combustion of the coal.  

Assume that there were x kmol/h of coal used, thus, according to reaction A.1, there were 6.86x 

kmol/h of O2 required for the combustion reaction and 5.82x, 0.041x, and 2.49x kmol/h of CO2, 

N2, and H2O, respectively were produced. Note that the small amount of SO2 was not considered 

in the flue gas stream (stream 3) in the calculations that follow. By performing molar flow rate 

balance on all the components around the boiler, the molar flow rate of all the components in 

stream 3 (Figure A.1) can be determined as follow: 

Final outlet = Initial inlet + Generation – Consumption 

ṅ𝑂2,3 = ṅ𝑂2,2 – 6.86x     A.2 

ṅ𝐶𝑂2,3= ṅ𝐶𝑂2,2 + 5.82x   A.3 

ṅ𝑁2,3= ṅ𝑁2,2+ 0.041x     A.4 

ṅ𝐻2𝑂,3= ṅ𝐻2𝑂,2+ 2.49x    A.5 
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Based on the composition of the air in Table A.2, the molar flow rate of O2, N2, and CO2 in stream 

2 can be written in terms of the total molar flow rate of the air used (ṅ2) as shown below: 

Component’s molar flow rate = Component’s mole fraction * Stream’s total molar flow rate 

ṅO2,2 = 0.204 ṅ2     A.6 

ṅCO2,2 = 0.00038 ṅ2     A.7 

ṅN2,2 = 0.767 ṅ2     A.8 

ṅH2O,2= 0.0288 ṅ2     A.9 

  

Equations from A.6 to A.9 are substituted into equations A.2 to A.5, which results in: 

ṅO2,3 = 0.204 ṅ2 - 6.86x    A.10 

ṅCO2,3=0.00038 ṅ2 + 5.82x    A.11 

ṅN2,3= 0.767 ṅ2 + 0.041x    A.12 

ṅH2O,3= 0.0288 ṅ2 + 2.49x    A.13 

The total mass flow rate of stream 3, ṁ3, can be obtained by: 

Total mass flow rate = Sum of all components mass flow rates 

ṁ3 = ṁO2,3+ ṁCO2,3+ ṁN2,3 + ṁH2O,3   A.14 

or: 

ṁ3= ṅO2,3 ∗ MWO2
+ ṅCO2,3 ∗ MWCO2

+ ṅN2,3 ∗ MWN2
+ ṅH2O,3 ∗ MWH2O  A.15 
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Substituting equations A.10 to A.13, the molecular weights of all the components and the mass 

flow rate of stream 3 (Table A.1) into equation A.15 and then simplifying gives: 

454 
𝑘𝑔

ℎ
 = 28.56(

𝑘𝑔

𝑘𝑚𝑜𝑙
) ṅ2 + 82.38 (

𝑘𝑔

𝑘𝑚𝑜𝑙
) x  A.16 

Performing a CO2 balance on the mixing point where stream 3 and 4 combine to give stream 5 

leads to another equation: 

ṅCO2,5 = ṅCO2,3 + ṅCO2,4    A.17 

The molar flow rate of CO2 in the air (stream 4), ṅCO2,4, can be calculated using the given total 

mass flow rate of stream 4 (1814 kg/h) and air composition (Table A.1). ṅCO2,5 is obtained using 

the given CO2 mole fraction in stream 5 as follows: 

ṅCO2,5= 0.009129 ṅ5 = 0.009129 (ṅ3 + ṅ4)   A.18 

where 

 ṅ3 = ṅO2,3 + ṅCO2,3 + ṅN2,3 + ṅH2O,3   A.19 

Substituting equations A.10 to A.13, A.18, and A.19 into equation A.17 and then simplifying 

gives: 

0.556 
kmol

h
 = -0.00875 ṅ2 + 5.804 x    A.20 

By solving equations A.16 and A.20, the values for ṅ2 and x were determined to be 15.55 kmol/h 

and 0.1192 kmol/h, respectively. Assume that the 5% of excess air was used in stream 2, which 

makes the value of ṅ2 to be equal to 15.55 kmol/h + 0.05*15.55 kmol/h = 16.33 kmol/h. Then, 

these values of ṅ2 and x were used to determine the molar flow rates of all the components in 
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stream 3 using equation A.10 to A.13. Finally, by performing material balances on each individual 

component, the molar flow rates of all the components in the remaining streams were obtained and 

are summarized in Table A.4. 

Table A.4: Molar flow rates in kmol/h for species in all streams on May 29th, 2013 

Stream 1 2 3 4 5 6 7 8 

CO2 - 0.00619 0.6996 0.02406 0.7237 0 0.6667 0.0570 

H2O - 0.470 0.77 1.83 2.59 32.80 18.923 16.468 

O2 - 3.331 2.51 12.95 15.47 0 0 15.467 

N2 - 12.523 12.53 48.71 61.24 0 0 61.236 

Total  0.119 16.330 16.51 63.51 80.02 32.80 19.59 93.23 

 

Determination of flue gas composition used in the models 

According to Figure A.1, the inlet flue gas stream that enters the reactor module is streams 5. 

Hence, the calculated molar flow rates of streams 5 from Table A.4 (column 6) were used to 

determine the inlet flue gas compositions (shown in Table 2.1) as shown below: 

Species mole composition = 
Species molar flow rates  

Total molar flow rates  
 

yS = 
ṅS

ṅ 
     A.21 

Next, to determine the outlet flue gas composition in stream 8 that corresponds to 50% CO2 

removal used in Chapter 3, the molar flow rates of the components in stream 7 that corresponds to 

50% CO2 removal were calculated. In Table A.4, the molar flow rate of CO2 in stream 7 is 0.6667 

kmol/h which corresponds to 93.9% CO2 removal (given in Table A.1). Thus, for 50% CO2 

removal, the molar flow rate of CO2 in stream 7 would be = 
0.6667 kmol/h 

93.9
∗ 50 = 0.3548 kmol/h 

and the molar flow rate of H2O in stream 7 is: 
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ṅH2O,7 = ṅ7 − ṅCO2,7 = 19.59 kmol/h – 0.3548 kmol/h = 19.235 kmol/h 

Then, molar flow rate balances on all of the components around the reactor module were performed 

to obtain the outlet flue gas that corresponds to 50% CO2 removal: 

ṅCO2,8 = ṅCO2,5 + ṅCO2,6 − ṅCO2,7 = (0.7237 + 0 - 0.3548) kmol/h = 0.3689 kmol/ h 

ṅH2O,8 = ṅH2O,5 + ṅH2O,6 − ṅH2O,7 = (2.59 + 32.8 - 19.235) kmol/h = 16.157 kmol/h 

ṅO2,8 = ṅO2,5 + ṅO2,6 − ṅO2,7 = ṅO2,5 = 15.47 kmol/h 

ṅN2,8 = ṅN2,5 + ṅN2,6 − ṅN2,7 = ṅN2,5 = 61.24 kmol/h 

Finally, the outlet flue gas composition (shown in Table 3.6) was calculated using equation A.21. 

   

 

  



94 

 

B. List of constant physical properties  

Table B.1: Physical properties of chemical compounds used in model simulation 

Compounds 
M 

(kg/mol) 

ρ 

(kg/m3) 

∑𝒗  

(m3/kmol) 

∆𝐇𝐯𝐚𝐩,𝟏𝟎𝟎°𝐂 

(J/mol) 

k 

(J/m.s.K) 

Ref. [5] [5] [6] [5] [7] 

CO2 (g) 0.04401 1.799 26.9∙10-3 - - 

H2O (l) 0.018015 997 12.7∙10-3 40656 - 

N2 (g) 0.028013 1.145 17.9∙10-3 - - 

O2 (g) 0.031999 1.308 16.6∙10-3 - - 

Air - - - - 0.026 
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C. Calculation of partition coefficients and the amount of CO2 that accumulates 

at the surface at equilibrium  
 

Calculations of partition coefficients 𝐊𝐕𝐋,𝐂𝐎𝟐
 and 𝐊𝐈𝐋,𝐂𝐎𝟐

 

For calculating the partition coefficients KVL,CO2
, consider a closed system in which vapour phase 

containing CO2 and H2O is in equilibrium with liquid phase containing dissolved CO2 and H2O at 

T = 25 °C and P = 101325 Pa as shown in Figure C.1. Because of the CO2 in the gas phase behaves 

as an ideal gas due to the low-pressure condition and the low concentration of dissolved CO2 in 

the water droplet, Henry’s law can be applied as shown in equation 2.1: 

xCO2
H = yCO2

P     C.1 

 

Figure C.1: CO2-H2O vapour-liquid equilibrium system 

At 25 °C, the Henry’s law constant is calculated using equation 2.2.1: 

H = exp (−6.8346 +
1.2817∙104

298.15
−

3.7668∙106

298.152
+

2.997∙108

298.153
) ∗ 106 =1.62∙108 Pa  

Due to the low-pressure condition, it was assumed that water vapour behaves as an ideal gas and 

the liquid phase is predominantly water. Hence, Raoult’s law is used for water as shown below: 

xH2OPH2O
sat

 =yH2OP     C.2 

Vapour phase

yCO2
, yH2O

Liquid phase

xCO2
, xH2O
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Saturation pressure of water at 25 °C is PH2O
sat = 108.11−

1750.29

235+25 mmHg ∙
133.322 Pa

mmHg
= 3167 Pa [8]. 

Both liquid and vapour phases consist of only CO2 and H2O thus the relationships between liquid 

and vapour molar fractions of CO2 and H2O are as follows: 

xCO2
+ xH2O = 1     C.3 

yCO2
+ yH2O = 1     C.4 

The molar fraction of CO2 and H2O in liquid and vapour phases can be obtained by solving a 

system of four equations C.1 to C.4 as shown in the following steps. Equations C.1, C.2 and C.3 

are rearranged as follows: 

yCO2
=

xCO2H 

P
      C.5 

yH2O =
xH2OPH2O

sat  

P
     C.6 

xH2O = 1 − xCO2
     C.7 

Substitute equations C.5 and C.6 into equation C.4 leads to: 

xCO2H+xH2OPH2O
sat  

P
= 1     C.8 

Substitute equation C.7 into equation C.8, and then rearranging to get: 

xCO2
H + (1 − xCO2

)PH2O
sat = P    C.9 

or 

     xCO2
=

PH2O
sat −P

PH2O
sat −H

     C.10 
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Substitute the values of PH2O
sat , H at 25 °C, and P into equation C.10 to calculate molar fraction of 

CO2 in the liquid phase. The remaining molar fraction can be obtained using equations C.5 to C.7. 

The results are tabulated in Table C.1, and these results are used to calculate concentration of CO2 

in liquid and vapour phases. 

Table C.1: Calculated molar fraction of CO2 and H2O 

Molar fractions Calculated values 

xH2O 0.999395 

yH2O 0.031240 

xCO2
 0.000606 

yCO2
 0.968761 

 

Because the vapour phase behaves as an ideal gas, ideal gas law can be applied to calculate the 

concentration of CO2 in the vapour phase as shown below: 

[CO2]V =
yCO2P

RT
     C.11 

The concentration of CO2 in the liquid phase can be obtained using the calculated value of xCO2
 in 

Table C.1. 

[CO2]L =
xCO2ρH2O

MH2O
     C.12 

The vapour-liquid partition coefficient (KVL,CO2
) can then be calculated by the following equation: 

KVL,CO2
=

[CO2]V
[CO2]L

=
yCO2

P

RT

MH2O

xCO2
ρH2O

    C.13 

= 
0.9688∗101325 Pa

8.314
Pa m3

mol K
∗298.15 K

∙
0.01802

kg

mol

0.000606 ∗997
kg

m3

 = 1.1809  
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KVL,CO2
 can also be written as: 

KVL,CO2
=

[CO2]V
sat

[CO2]L
sat     C.14 

The saturation concentration of CO2 in the gas phase ([CO2]V
sat) can be calculated using ideal gas 

law as it was used for organic compounds in the study of Hoff et. al. [9] 

[CO2]V
sat =

PCO2
sat

RT
     C.15 

The saturation pressure of CO2 at 25°C is calculated to be PCO2

sat = 107.58828−
861.82

271.83+25 mmHg ∙

133.322 Pa

mmHg
= 6460834 Pa [10]. Substitute equation C.15 and the calculated KVL,CO2

 from equation 

C.13 into equation C.14, and then rearranging to get: 

[CO2]L
sat = 

PCO2
sat

ZRT

KVL,CO2

          C.16 

= 

6460834 Pa

8.314 
Pa m3

mol K
∗298.15 K

1.1809
 = 2207 

mol

m3
∙

m3

106 cm3
= 2.207 ∙ 10−3 mol

cm3
   

By using the calculated result of [CO2]L
satfrom equation C.16, interface-liquid partition coefficient 

KIL,CO2
 can be calculated using equation 2.7: 

KIL,CO2
= 10−8.58−0.769 log[CO2]L

sat
      

= 10−8.58−0.769 log (2.207∙10−3) = 2.9 ∙ 10−7cm 
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Calculation of the amount of CO2 that adsorbs on the surface of the water droplets 

The concentration of CO2 that accumulates at the interface [CO2]I is then calculated using equation 

2.2.17: 

[CO2]I = [CO2]L ∙ KIL,CO2
=

xCO2ρH2O

MH2O
∙ KIL,CO2

=
𝑦CO2P 

H
∙

ρH2O

MH2O
∙ KIL,CO2

   

=
0.01 ∗ 101325 Pa 

1.62∗108 Pa
∙

997
kg

m3

0.01802
kg

mol
 
∙ 2.9 ∙ 10−7cm ∙

1 m

100 cm
= 1 ∙ 10 –9 mol/m2  

Hence, the amount of CO2 that is adsorbed (in moles) using 1 kg (0.001 m3) of water sprayed as 5 

∙ 10-6 m-diameter water droplet at 25°C is: 

nCO2
= [CO2]I  ∙  As,total = [CO2]I ∙ Nd ∙ As,d = [CO2]I ∙

Vwater

Vd
∙ 4πR2 

= 1 ∙ 10 –9 mol/m2
 ∙
10−3 m3

4

3
πR3

 ∙ 4πR2= 1 ∙ 10 –9 mol/m2
 ∙
10−3 𝑚3

R

3

 

= 4.02 ∙ 10 –9 mol/m2
 ∙

10−3 m3

2.5∙10−6 𝑚

3

 = 1.2 ∙ 10 -6 mol 

This is equal to 1.2∙10 -6 mol ∙ 44.01 g/mol = 5.28 ∙ 10 -5 g of CO2 is removed per kg of water used 

as shown in Figure 2.5. 
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D. Derivation of mathematical model equations  

D.1 Derivation of PDEs/ODEs in Table 2.4 

Within the water droplet, consider a thin layer of thickness ∆r during a short period of time ∆t. As 

shown in Figure D.1 below, the dissolved CO2 diffuses in at r + ∆r and then partially reacts with 

H2O to produce H2CO3 within the layer ∆r, the produced H2CO3 then dissociates into HCO3
-. 

Simultaneously, CO2 is also produced by the reverse reaction from H2CO3. Finally, the unreacted 

CO2 diffuses out of the thin layer at r. 

 

Figure D.1: Mass transfers of CO2 and H2CO3,T through the thin layer of thickness ∆r 

A PDE for the change in concentration of CO2 with time within the thin layer (including reaction 

between CO2 and H2O) can be obtained by performing an material balance (in moles) on the thin 

layer as follows: 

Accumulation 

of CO2 

= CO2 diffusing in  

at r +∆r 

– CO2 diffusing out 

at r 

D.1 

      

 + CO2 produced from 

dehydration reaction 

– CO2 consumed to 

produce H2CO3 
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Accumulation  

of CO2 
= ∆[CO2]L4πr2∆r 

   

CO2 diffusing in 

 at r + ∆r = DCO2

∂[CO2]L
∂r

|
r+∆r

4π(r + ∆r)2∆t 

   

CO2 diffusing out  

at r = DCO2

∂[CO2]L
∂r

|
r

4πr2∆t 

   

CO2 produced from 

dehydration reaction 
= k−1[H2CO3]L4πr2∆r∆t 

   

CO2 consumed to 

produce H2CO3 
= k1[H2O][CO2]L4πr2∆r∆t 

 

Substituting in equation D.1 results in: 

∆[CO2]L4πr2∆r = DCO2

∂[CO2]L

∂r
|
r+∆r

4π(r + ∆r)2∆t − DCO2

∂[CO2]L

∂r
|
r
4πr2∆t D.2 

       +k−1[H2CO3]L4πr2∆r∆t − k1[H2O][CO2]L4πr2∆r∆t  

Dividing by 4πr2∆r. ∆t gives: 

∆[CO2]L

∆t
=

DCO2

r2

∂[CO2]L
∂r

|
r+∆r

(r+∆r)2−DCO2
∂[CO2]L

∂r
|
r
r2

∆r
+ k−1[H2CO3]L − k1[H2O][CO2]L D.3  

Taking limit as ∆r and ∆t approach zero gives: 

∂[CO2]L

∂t
=

DCO2

r2

∂

∂r
(r2 ∂[CO2]L

∂r
) + k−1[H2CO3]L − k1[H2O][CO2]L 2.4.1 
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Initial condition and boundary conditions 

An initial condition and two boundary conditions are required to solve equation 2.4.1. At time t = 

0, assume that the initial concentration of CO2 in the water droplet is zero:  

[CO2]L,0 = 0      2.4.1a 

For the two boundary conditions, at the centre of the water droplet (r = 0), the concentration of 

CO2 is at the minimum value within the droplet so that: 

∂[CO2]L

∂r
|
0

= 0      2.4.1b 

The other boundary condition is at the surface of the water droplet (r = R). To obtain this boundary 

condition, perform a material balance on CO2 at the water droplet surface: 

CO2 convection  

from the interface to the 

surface of the bulk liquid  

= CO2 diffuses from the surface of 

the bulk liquid toward the centre 

of the droplet 

D.4 

 

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R)4πR2∆t = DCO2

∂[CO2]L

∂r
|
R
4πR2∆t    D.5 

Simplifying gives: 

∂[CO2]L

∂r
|
r=R

=
kmCO2,VL/fmI

DCO2

([CO2]LI
∗ − [CO2]R)  2.4.1c 

In addition, since the dissolved CO2 reacts with H2O to produce H2CO3 and its ion (H2CO3,T), a 

similar material balance of H2CO3,T and its ion on the thin layer ∆r is performed to obtain an 

equation that illustrates how the concentration of H2CO3,T changes within the layer during the short 

period of time ∆t. 
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Accumulation 

of H2CO3,T 

= H2CO3,T diffusing in at 

r+∆r 

– H2CO3,T diffusing out 

at r 

  D.6 

      

 + H2CO3,T produced 

from dehydration 

reaction 

– H2CO3,T consumed to 

produce H2CO3 

 

 

∆[H2CO3,T]
L
4πr2∆r  

= DH2CO3,T

∂[H2CO3,T]
L

∂r
|
r+∆r

4π(r + ∆r)2∆t − DH2CO3,T

∂[H2CO3,T]
L

∂r
|
r
4πr2∆t  D.7 

+k1[H2O][CO2]L4πr2∆r. ∆t − k−1[H2CO3]L4πr2∆r. ∆t      

Dividing by 4πr2∆r. ∆t gives: 

∆[H2CO3,T]
L

∆t
=

DH2CO3,T

r2

∂[H2CO3,T]
L

∂r
|
r+∆r

(r+∆r)2−DCO2

∂[H2CO3,T]
L

∂r
|
r

r2

∆r
 D.8 

−k−1[H2CO3]L + k1[H2O][CO2]L    

Taking limit as ∆t approaches zero give:  

∂[H2CO3,T]
L

∂t
=

DH2CO3,T

r2

∂

∂r
(r2

∂[H2CO3,T]
L

∂r
) + k1[H2O][CO2]L  − k−1[H2CO3]L 2.4.2 

            

Initial condition and boundary conditions 

Initially, it is assumed that there is no H2CO3 within the thin layer:  

[H2CO3,T]
L,0

= 0     2.4.2a 

The first boundary condition is at the centre of the water droplet where [H2CO3,T]
L
 is at its 

minimum value within the droplet so that: 

∂[H2CO3,T]
L

∂r
|
0

= 0     2.4.2b 
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The second boundary condition is at the surface of the water droplet. To obtain this boundary 

condition, perform a material balance on H2CO3,T at the water droplet surface: 

 H2CO3,T diffuses from the 

surface of the bulk liquid 

toward the droplet centre 

= Convective mass transfer of 

H2CO3,T from the surface of the 

bulk liquid to the interface 

D.9 

 

DH2CO3,T

∂[H2CO3,T]
L

∂r
|
R
4πR2∆t = −kmH2CO3,T,LI ([H2CO3,T]

R
− [H2CO3,T]

LI

∗
)4πR2∆t D.10 

Dividing both sides by DH2CO3,T
 4πR2∆t gives: 

∂[H2CO3,T]
L

∂r
|
R

=
kmH2CO3,T,LI

DH2CO3,T

([H2CO3,T]
LI

∗
− [H2CO3,T]

R
)  2.4.2c  

For the two ODEs 2.4.3 and 2.4.4, perform material balances on CO2 and H2CO3,T within the 

vapour-liquid interface region during a short period of time ∆t. The mass transfers of CO2 and 

H2CO3,T are shown in Figure D.2 below: 

 

Figure D.2: Mass transfers of CO2 and H2CO3,T through the vapour-liquid interface region 
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Accumulation of 

CO2 within the 

interface region 

= Mass transfer of CO2 

from flue gas to the 

interface 

– Mass transfer of CO2 

from the interface to the 

surface of the bulk liquid 

 

 D.11 

 

∆[CO2]I4πR2 =
kmCO2,VL

1−fmI
([CO2]LV

∗ − [CO2]LI
∗ )4πR2∆t −

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R)4πR2∆t  

            D.12 

Dividing both sides by 4πR2∆t  and taking limit as ∆t approach 0 gives: 

d[CO2]I

dt
=

kmCO2,VL

1−fmI
([CO2]LV

∗ − [CO2]LI
∗ ) −

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R) 2.4.3  

Similarly, a material balance of H2CO3 at the interface is: 

Accumulation of H2CO3,T  

at the interface 

= Mass transfer of H2CO3,T from 

surface of the bulk liquid to the 

interface 

 

D.13 

∆[H2CO3,T]
I
4πR2  = −kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
)4πR2∆t  D.14 

Dividing both sides by 4πR2∆t  and taking limit as ∆t approach 0 gives: 

∂[H2CO3,T]
I

∂t
= −kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
)  2.4.4 

D.2 Derivation of PDEs in Table 3. 2 

Material balances 

The changes in droplet radius does not have an impact on [CO2]L and  [H2CO3,T]
L
 within the 

droplet, therefore, equations 2.4.1 and 2.4.2 can still be used in the shrinking droplet model. On 

the other hand, changes in radius will affect the droplet surface area and hence affect the amount 

of CO2 and H2CO3 that accumulate in the vapour-liquid interface region. As a result, a material 

balance on CO2 within the vapour-liquid interface region during a short period of time ∆t is as 

follows: 
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Accumulation of 

CO2 within the 

interface region 

= Mass transfer of 

CO2 from flue gas 

to the interface 

– Mass transfer of CO2 

from the interface to the 

surface of the bulk liquid 

 

 D.18 

 

∆([CO2]I4πR2) =
kmCO2,VL

1−fmI
([CO2]LV

∗ − [CO2]LI
∗ )4πR2∆t −

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R)4πR2∆t  

            D.19 

Dividing both sides by 4πR2∆t and taking limit as ∆t approach 0 gives: 

1

R2

d([CO2]IR
2)

dt
=

kmCO2,VL

1−fmI
([CO2]LV

∗ − [CO2]LI
∗ ) −

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R)  D.20  

Expanding the derivative on the left-hand side of equation D.20 gives: 

R2

R2

d[CO2]I

dt
+

2R[CO2]I

R2

dR

dt
=

kmCO2,VL

1−fmI
([CO2]LV

∗ − [CO2]LI
∗ ) −

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R)  

            D.21 

Rearranging equation D.21 gives: 

d[CO2]I

dt
=

kmCO2,VL

1−fmI
([CO2]LV

∗ − [CO2]LI
∗ ) −

kmCO2,VL

fmI
([CO2]LI

∗ − [CO2]R) −
2[CO2]I

R

dR

dt
  

            3.2.4 

Substituting the expression of 
dR

dt
 from equation 3.2.1 will make the right-hand side of equation 

3.2.4 into an algebraic expression so that the ODE can be solved. Similar to the model in Chapter 

2, the corresponding initial condition is:  

[CO2]I,0 = 0     3.2.4a 

Similarly, a material balance on H2CO3,T at the interface is: 

Accumulation of H2CO3,T  

at the interface 

= Mass transfer of H2CO3,T from surface 

of the bulk liquid to the interface 

 

D.22 

∆ ([H2CO3,T]
I
4πR2)  = −kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
)4πR2∆t  D.23 
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Dividing both sides by 4πR2∆t  and taking limit as ∆t approach 0 gives: 

1

R2

d([H2CO3,T]
I
R2)

dt
= − kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
)  D.24 

Expanding the derivative on the left-hand side of equation D.24 gives: 

R2

R2

d[H2CO3,T]
I

dt
+

2R[H2CO3,T]
I

R2

dR

dt
= − kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
)  D.25 

Rearranging equation D.25 gives: 

d[H2CO3,T]
I

dt
= − kmH2CO3,T,LI ([H2CO3,T]

LI

∗
− [H2CO3,T]

R
) −

2[H2CO3,T]
I

R

dR

dt
  3.4.5 

which can be solved after substituting for 
dR

dt
 on the right-hand side. The corresponding initial 

condition is: 

[H2CO3,T]
I,0

= 0    3.4.5a  
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E. Calculation of [𝐇𝟐𝐂𝐎𝟑]𝐋 as an analytical solution of a cubic equation written 

in term of 𝐊𝟐 and [𝐇𝟐𝐂𝐎𝟑,𝐓]
𝐋
 

 

A set of equations (E.1 to E.4) written in terms of the concentrations of ions were used to derive 

an expression for calculating  [H2CO3]L. The total concentration [H2CO3,T]
L
 is defined in the 

Model development section of Chapter 2 as: 

[H2CO3,T]
L

=  [H2CO3]L + [HCO3
−]L    E.1 

The equilibrium constant K2 of reaction 2.4 is defined as: 

K2 =
[HCO3

−]L[H+]L

[H2CO3]L
     E.2 

In aqueous solutions, the product of the hydrogen and hydroxyl ions concentrations is 10-14 (
mol

L
)
2

, 

giving in alternative units: 

 [H+]L ∗ [OH−]L = 10−8  (
mol

m3 )
2

    E.3 

Within the water droplet, a charge balance on the anions and cations gives: 

 [HCO3
−]L + [OH−]L = [H+]L    E.4 

Rearranging equation E.3 to get: 

     [OH−]L =
10−8

[H+]L
     E.5 

Substituting equation E.5 into equation E.4 and then rearranging gives: 

[HCO3
−]L = [H+]L −

10−8

[H+]L
=

[H+]L
2−10−8

[H+]L
     E.6 
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Substituting equation E.6 into equation E.2 and then rearranging gives: 

K2[H2CO3]L[H
+]L = [H+]L ∗ ([H+]L

2 − 10−8)   E.7 

Rearranging equation E.7 gives:  

[H+]L = (K2[H2CO3]L + 10−8)0.5    E.8 

Substituting equations E.6 into equation E.1 gives: 

[H2CO3,T]
L

=  [H2CO3]L +
[H+]L

2−10−8

[H+]L
   E.9 

Substituting equation E.8 into equation E.9 to get: 

[H2CO3]L =  [H2CO3,T]
L
−

K2[H2CO3]L+10−8−10−8

(K2[H2CO3]L+10−8)0.5   E.10  

Rearranging equation E.10 to get an cubic equation for calculating [H2CO3]L: 

K2[H2CO3]L
3 + (10−8 − 2K2[H2CO3,T]

L
− K2

2) [H2CO3]L
2 

+(K2[H2CO3,T]
L

2
− 2 ∗ 10−8 ∗ [H2CO3,T]

L
) [H2CO3]L + 10−8 ∗ [H2CO3]T

2 = 0  E.11 

Rearranging equation E.11 so that it is written in the general form of a cubic equation: 

[H2CO3]L
3 + B∙[H2CO3]L

2 + C∙[H2CO3]L + D = 0   E.12 

where: B = 
10−8−2K2[H2CO3,T]

L
−K2

2

K2
 

 C = 
K2[H2CO3,T]

L

2
−2∗10−8∗[H2CO3,T]

L

K2
 

 D = 
10−8∗[H2CO3]T

2

K2
 

which has three roots. Next, several intermediate parameters are calculated [11]: 
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p1 =
3C−B2

3
      E.13 

p2 =
27D−9BC+2B3

27
     E.14 

p3 = cos−1 (√
(p2/2)2

−(p1/3)3
)    E.15 

An analytical solution of equation E.11 to give the root that makes physical sense is [11]: 

[H2CO3]L = (−2 ∙ sign(p2)√−
p1

3
) cos (

p3

3
+ 2 ∗ 120) −

B

3
  E.16 

where sign(p2) = {+1      if  p2 > 0
−1     if  p2 < 0

 and the angle p3 is in degrees. 

[H2CO3]L can be calculated by substituting equations E.13 to E.15, the expressions of B, C and D.   
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F. Model implementation in COMSOL®  

F.1 Implementation for the model in Chapter 2 

This section discusses how the model in Chapter 2 was implemented in COMSOL® version 5.2. 

Figure F.1 shows the structure of how the model was set up in COMSOL®. The “Global 

Definitions” tab includes a list of known parameters (as shown in Figure F.2) and a list of variables 

whose equations are located in Table 2.2 (as shown in Figure F.3). 

 

Figure F.1: Overall structure of the model whose equations shown in Table 2.4 
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Figure F.2: Input parameter list used in the model. Values are for the base-case settings 

 

Figure F.3: Variable list used in the model 
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Under “Model”, the “Definition” tab contains two variable tabs (inside the dashed-line box in 

Figure F.4) where [H2CO3]L, [CO2]LI
∗  and [H2CO3,T]

LI

∗
 (equations 2.2.17 and 2.2.18) were 

calculated. The set up for the calculation procedure of an analytical solution for [H2CO3]L 

(Appendix D) in COMSOL® is shown in Figure F.5. Note that to prevent “Division by zero” error, 

a small value (1e-10) was added inside the “acos” in the expression for calculating “p3” as noted 

in Figure F.5. Next, all the tabs inside the full-line box are “Boundary Probes”, “Domain Point 

Probes” and “Domain Probes” where values of the dependent variables (concentration of CO2 and 

H2CO3,T) are recorded at the interface, surface of the bulk liquid, droplet centre and the domain 

within the water droplet during the simulation process.  

 

Figure F.4: Structure of “Definitions” under “Model” 

Boundary 

Probes 

Domain 

Probes 

Domain 

Point Probes 
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Figure F.5: Setup for calculating analytical solution of [H2CO3]L 

The geometry specification that was used to solve the model in Chapter 2 is 2D-axisymmetry, 

which includes a “Rectangle” and a “Fillet” geometry with the settings shown in Figure F.6. The 

radius R of the water droplet was specified in Parameter list shown in Figure F.2. The material of 

the sphere was not specified because all parameters related to material properties (e.g., density and 

molecular weight) are defined in the parameter list and variable list. 
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Figure F.6: Setup for geometry of the model 

Next, the phenomena/mechanisms that are considered in the model were specified under “Model”. 

For the absorption of CO2 and conversion to H2CO3 from CO2 and H2O mechanisms, the 

“Transport of Diluted Species” module was used. Figure F.7 shows the tabs under the “Transport 

of Diluted Species” that were used to describe the model equations and the corresponding 

boundary and initial conditions.  

 

Figure F.7: Structure of the “Transport of Diluted Species” and the “Boundary ODEs and DAEs” 

modules 
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The “Transport Properties” tab describes the diffusion of CO2 and H2CO3 inside the water droplet, 

which is the first term on the right-hand side of equation 2.4.1. Only the diffusivity of CO2 and 

H2CO3,T (DCO2
 and DH2CO3,T

) are needed to be inserted here since there is no convection within 

the water droplet. The “Axial Symmetry” tab indicates the symmetrical axis of the geometry and 

the “No Flux” tab is a default BC at the surface of the water droplet. Since the “No Flux” did not 

correctly describe the BCs 2.4.1c and 2.4.2c, it was overridden by the “BC of CO2 at r=R” and the 

“BC of H2CO3t at r = R” tabs, respectively. In the “BC of CO2 at r=R” tab, “External forced 

convection” option was used for the setting of “Inward Flux” as shown in Figure F.8 below. For 

“BC of H2CO3t at r = R” tab, “General inward flux” option was selected and then the BC was 

inserted as shown in Figure F.8, where “bnd2” is the concentration of H2CO3 at the surface 

(obtained from “Ch2co3t_R (bnd2)” probe under “Definitions” tab as shown in Figure F.4). Note 

that the BCs at the centre of the water droplet (equations 2.4.1b and 2.4.2b) do not need to be 

specified. The ICs (equation 2.4.1a and 2.4.2a) were specified in “Initial Values” tab. Next, the 

terms for the forward and reverse reactions of CO2 and H2O were specified in “Reaction” tab as 

shown in Figure F.9. 

 

 



117 

 

 

 

Figure F.8: Setup for BCs 2.4.1c and 2.4.2c 

 

Figure F.9: Setup for the second and third terms on the right-hand side of equations 2.4.1 and 2.4.2 

For the adsorption of CO2 on the surface, and congregation of H2CO3 and its ion near the surface 

of the water droplet, “Boundary ODEs and DAEs” module was used. Equations 2.4.3 and 2.4.4 

were inserted into the “Distributed ODE” tab as shown in Figure F.10 where “bnd1” is the 

concentration of CO2 at the surface (obtained from “Cco2_R (bnd1)” probe under “Definitions” 
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tab as shown in Figure F.4). The corresponding ICs (equations 2.4.3a and 2.4.4a) were specified 

in “Initial Values” tab. 

 

Figure F.10: Setup for equations 2.4.3 and 2.4.4 

For the results presented in Chapter 2, extra-fine-size triangular mesh with a maximum element 

size of 10-7 m was used in model simulation as shown in Figure F.11. Note that, the calculation of 

[H2CO3]L involves complex number due to numerical error, which leads to an error in the 

calculation of [H2CO3]L. Thus, to allow complex number to be involved in the calculation of 

[H2CO3]L, a check box for “Allow complex-valued output from function with real input” under 

“Advanced” settings for “Time-Dependent Solver” as shown in Figure F.12 was selected.  

 

Figure F.11: Selected mesh size for the model in Chapter 2 
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Figure F.12: Setting for complex number to be involved in [H2CO3]L calculation 

Mesh size and tolerances selection 

Figure F.13 and Figure F.14 show the results obtained using two different mesh sizes: extra fine 

mesh (maximum element size of 10-7 m) and extremely fine mesh (maximum element size of 5∙10-

8 m). It can be seen that the differences between the results obtained using the two mesh sizes are 

minor. Figure F.15 and Figure F.16 shows the results of the model at two different settings for the 

relative and absolute tolerances: Reltol = Abstol = 0.01 and 0.001. There is no clear variation 

between the results that are obtained at two different tolerances. Thus, extra fine mesh and Reltol 

= Abstol = 0.01 were used for the simulation. 

 

Figure F.13: Simulation results for [CO2]L and [H2CO3]L at different mesh sizes 
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Figure F.14: Predicted spatial profiles of [CO2]L and [H2CO3,T]L within the droplet at t = 0.0005 s 

at different mesh sizes 

 

 

Figure F.15: Simulation results for [CO2]L and [H2CO3]L at different tolerances 

 

 

Figure F.16: Predicted spatial profiles of [CO2]L and [H2CO3,T]L within the droplet at t = 0.0005 s 

at different tolerances 
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F.2 Implementation for the shrinking droplet model in Chapter 3 

Figure F.17 shows the overall structure of how the shrinking droplet model in Chapter 3 was set 

up in COMSOL®. Note that the unit system of the model was selected to be “None” as shown on 

the right-hand side of Figure F.17 so that the dimensionless coordinate w can be used. Hence, the 

units of all the parameters and expressions for calculating variables must be converted to the 

appropriate units before inserting into COMSOL®
. Similar to the previous model, the “Global 

Definitions” tab includes a list of known parameters (as shown in Figure F.18) and a list of 

expressions for calculating variables that were used in the model (as shown in Figure F.19). 

 

Figure F.17: Overall structure of the shrinking droplet model 
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Figure F.18: Input parameter list used in the shrinking droplet model  
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Figure F.19: “Variables 1” list used in the shrinking droplet model 

Under “Model”, the “Definition” tab contains two variable tabs (inside the dashed-line box in 

Figure F.20) where [H2CO3]L, and the variables that depends on the dependent variables were 

calculated as shown in Figure F.5 and Figure F.21. To prevent “Division by zero” error, a small 

value (1e-10) was added inside the square root in the expressions for calculating “Nu”, “Sh_co2”, 

and “Sh_h2o”. Next, the tabs inside the full-line box are “Domain Point Probes” and “Domain 

Probes” where the values of the dependent variables ([CO2], [H2CO3,T], R and T) are recorded at 

the interface region, bulk liquid surface, droplet centre and the domain within the water droplet 

during the simulation process. Note that, for the values of [CO2]I and [H2CO3,T]
I
to be recorded in 

the result table, a checkbox “Snap to closest point” was selected as shown in Figure F.20. 
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Figure F.20: Structure of “Definitions” under “Component” 
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Domain 
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Figure F.21: “Variables 2” list for calculating variables that depends on the dependent variables 

Figure F.22 shows the settings for the geometry of this shrinking droplet model. The geometry 

specification includes an “Interval” tab as shown in Figure F.22 where the “Left endpoint” setting 

represents the centre of the water droplet (w = 0) and the “Right endpoint” setting represents a 

point on the surface of the water droplet (w = 1). As similar to the previous model, the material 

does not need to be specified. 
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Figure F.22: Setup for geometry of the second model 

Next, the phenomena/mechanisms that are considered in the model were specified under “Model”. 

Equation 3.2.1 was inserted in COMSOL® using “Domain ODEs and DAEs” module that includes 

“Distributed ODE” and “Initial Values” tabs. Under “Distributed ODE” tab, equation 3.2.1 was 

inserted according to the equation structure as shown in Figure F.23, where dR_dt expression was 

specified in “Variable 2” tab (see Figure F.21). And the initial condition 3.2.1a was inserted in 

“Initial Values” tab. 

  

Figure F.23: Setup for equation 3.2.1 
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Equations 3.32 and 3.33 (i.e., equations 3.2.2 and 3.2.3) were inserted in “Coefficient Form PDE” 

module as shown in Figure F.24, where ppb7 is the value of droplet radius R at w = 1 (obtained 

from “Radius R” tab under “Definitions” as shown in Figure F.20). The ICs 3.3.2a and 3.3.3a were 

inserted in “Initial Values” tab. The BCs 3.3.2c and 3.3.3c at the water droplet surface (w = 1) 

were inserted in “BCs at w = 1” tab as shown in Figure F.25 where “ppb1” and “ppb2” are 

[CO2]R and [H2CO3,T]
R

 obtained from “Conc. at w = 1” tabs under “Definition” (see Figure F.20), 

respectively. Note that the BCs 3.3.2b and 3.3.3b at the centre of the water droplet (w = 0) do not 

need to be inserted in COMSOL®. 

 

Figure F.24: Setup for equations 3.32 and 3.33 (equations 3.2.2 and 3.2.3) 



128 

 

 

Figure F.25: Setup for BCs 3.2.2c and 3.2.3c 

Equations 3.2.4 and 3.2.5 were specified in “Distributed ODE” tab under “Boundary ODEs and 

DAEs” module as shown in Figure F.26 where ppb5 and ppb6 are [CO2]I and H2CO3,T]I at the 

interface (obtained from “Interfacial conc.” tab under “Definitions” as shown in Figure F.20). The 

associated ICs 3.2.4a and 3.2.5a were specified in “Initial Values” tab. Equation 3.34 (i.e., equation 

3.2.6) was inserted in “Coefficient Form PDE” module as shown in Figure F.27 and the IC 3.2.6a 

was inserted in “Initial Values” tab. The BC 3.2.6c at the water droplet surface (w = 1) was inserted 

in “BC at w = 1” tab as shown in Figure F.28 where ppb8 is temperature at the surface, TR, obtained 

from “Temp at w = 1” tab under “Definition” as shown in Figure F.20. 
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Figure F.26: Setup for equations 3.2.4 and 3.2.5 
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Figure F.27: Setup for equation 3.34 (equation 3.2.6) 
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Figure F.28: Setup for BC 3.2.6c 

For the results presented in Chapter 3, extremely-fine-size mesh with a maximum element size of 

0.001 was used in model simulation as shown in Figure F.29 and Figure F.30. To acquire accurate 

results, in addition to the selected mesh size, tolerances of 1e-6 including time relative tolerance 

and absolute tolerance and initial time step of 1e-8 were used as shown in Figure F.31 and Figure 

F.32. Similar to the previous model, the checkbox “Allow complex-valued output from function 

with real input” under “Advanced” settings for “Time-Dependent Solver” was selected to allow 

the involvement of complex number in the calculation of [H2CO3,T]L as shown in Figure F.12.  
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Figure F.29: Mesh setup for model simulation 

 

 

Figure F.30: Selected mesh for shrinking droplet model 
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Figure F.31: Setup for time range and relative tolerance 
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Figure F.32: Setup for absolute tolerance and initial time step 

Mesh, tolerances, and initial time step selection 

Figure F.31 and Figure F.32 show the results obtained using three different mesh sizes: extremely 

fine mesh with maximum element size of 5e-3, 1e-3, and 5e-4. It can be seen that no noticeable 

variation from the results obtained at the three mesh sizes. Figure F.33 and Figure F.34 show the 

results obtained at three different settings for the relative and absolute tolerances: Tol=1e-5, 1e-6 

and 1e-7. There is no clear variation between the results obtained at the three tested tolerances. 

Initial time step of 1e-7, 1e-8 and 1e-9 were also investigated as shown in Figure F.35 and Figure 
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F.36. The results obtained at the three initial time steps also overlap. For the simulation results in 

Chapter 3, extremely fine mesh with maximum element size of 1e-3, tolerances of 1e-6 and initial 

time step of 1e-8 were used. 

 

Figure F.31: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained at 

different mesh sizes 
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Figure F.32: Predicted spatial profiles of T, [CO2]L and [H2CO3,T]L within the droplet at 0.0005s 

at different mesh sizes 
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Figure F.33: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained at 

different tolerances 
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Figure F.34: Predicted spatial profiles of T, [CO2]L and [H2CO3,T]L within the droplet at 0.0005s 

at different tolerances 
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Figure F.35: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained at 

different initial time steps 
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Figure F.36: Predicted spatial profiles of T, [CO2]L and [H2CO3,T]L within the droplet at 0.0005s 

at different initial time steps 
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G. Additional results of sensitivity analysis in Chapter 3 

 

Figure G.1: Predicted dynamic behaviour of droplet size, temperature at the droplet centre, and 

concentrations of CO2 and H2CO3,T at the droplet centre and interface obtained using 

base-case settings and a range of fraction resistance within the interface (fmI) 
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