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A B S T R A C T   

Exhaust gas from navigation is an important source of air pollution, especially in coastal and port cities. The 
installation of a hybrid exhaust gas cleaning system (EGCS) is a popular method to reduce the SO2 emission 
because of their flexibility and efficiency. However, limited by the experience of operators, the operation of EGCS 
can hardly meet the requirement of economy and safety demands. In this paper, a detailed model of hybrid EGCS 
is developed to study the effect of important factors on SO2 absorption process and crystallization process. A 
comparison between seawater and magnesium-based absorbent on the SO2 absorption process in the droplet and 
the scrubber is carried out. Compared with seawater, magnesium-based absorbents are more adaptable to 
temperature and the SO2 concentration. What’s more, in order to prevent the EGCS from scaling and ensure the 
safe operation of EGCS, the safe operating ranges of magnesium-based absorbent under different temperature 
and oxidation rate are studied. Finally, an operation strategy of the EGCS for different absorbents is proposed. 
The operator can adjust the liquid-gas ratio of the current operating mode or switch to other modes according to 
the temperature and pH of seawater and emission standard. These results would be helpful for the design and the 
operation of the EGCS.   

1. Introduction 

The combustion of fossil fuels such as coal, oil and gas are the main 
sources of SO2 emissions[1]. And, exhaust gas from navigation is an 
important source of SO2 pollution[2] (about 13% of global SOx annual 
emissions), especially in coastal and port cities. For example, in 2019, 
the SO2 emission from domestic navigation account for 7% of total SOx 
emission in U.K.[3]. According to 2018 Hong Kong Emission Inventory 
Report, in 2018, SO2 emissions from navigation accounted for 49% of 
total SO2 emissions in Hong Kong[4]. Recently, people have paid more 
attention to SO2 pollution due to its adverse effects on human health[5] 
and air quality[6,7]. In order to reduce the emission of pollutants from 
navigation, the 58th meeting of the Marine Environmental Protection 
Committee (MEPC) passed the amendment of MARPOL 73/78 Annex VI 

on reducing the SO2 emissions of marine. The Annex VI introduced a 
worldwide limit on the sulfur content of 0.5 percent to marine fuels and 
a limit of 0.1 percent in designated SO2 emission control areas (SECA) 
from 2020[8]. Besides, in addition to the requirement of MARPOL 73/ 
78 Annex VI Regulations, further regional requirements for the use of 
low-sulfur fuel are in effect, such as European Union[9], United States 
[10] and China[11]. 

Commonly speaking, there are two ways to meet the requirements of 
sulfur emission regulations[12]: one way is to use low-sulfur oil or other 
alternative fuels like liquid nature gas (LNG). The other way is to install 
the exhaust gas cleaning system (EGCS). Although using low-sulfur oil or 
other alternative fuels is an effective source control method, the cost of 
low-sulfur oil and other alternative fuels are far higher than the marine 
heavy oil[13], which will significantly increase the operating cost of 
large vessels. According to a research of Finland government, the cost 
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increase of using low-sulfur oil will be 0.2–120 M€/year [14]. Mean
while, marine fuel oil systems are usually designed for burning heavy oil 
with high sulfur contents. The general belief is that sulfur has a bene
ficial tribological effect due to building up of a solid lubricating film and 
promoting a beneficial mild corrosive wear [15]. As a result, when the 
fuel is switched to low-sulfur oil or LNG, the fuel system needs to be 
modified, which will further increase the cost. However, EGCS is a kind 
of flue gas desulfurization technologies, which is widely used as an 
effective method to deal with flue gas in SO2 emitting industry [1,16]. 
Due to the reduction of additional fuel expenditure [17], the installation 
of EGCS is the most convenient and economic method to reduce the SO2 
emission for the ship owners in the majority of scenarios [18]. 
Depending on the conditions, the installation costs of EGCS can be 
recouped within the span of 1–2 years [2]. It provides the large vessels 
with an attractive alternative to the use of low-sulfur fuels, and may 
become more popular when the limits of sulfur emissions become tighter 
[19]. 

Marine EGCS is usually divided into open-loop EGCS, closed-loop 
EGCS and hybrid EGCS[18]. Among them, the hybrid system is very 
flexible. When the seawater alkalinity is insufficient or in SECA, it can 
operate in a closed loop mode to ensure enough efficiency. At the same 
time, when the seawater alkalinity is sufficient or outside the SECA, it 
can operate in open-loop mode to avoid the waste of absorbents and 
reduce operating costs. Therefore, hybrid EGCS have been widely used 
in recent years. Although the operation mode of hybrid system can be 
switched according to the requirement, but the operation a of hybrid 
EGCS is mainly based on the experience of operators, which often leads 
to excessive SO2 concentration at the outlet or high operating costs, 
especially for routes that span multiple sea areas (the alkalinity and 
temperature of seawater and the emission standards may frequently 
change). Thus, the operation of EGCS can hardly meet the requirement 
of economy and safety demands. Therefore, it is necessary to modeling 
the SO2 absorption process of hybrid EGCS, and explore the influence of 
temperature, pH, SO2 concentration and other factors on absorption rate 

and desulfurization efficiency using different absorbent, and obtain 
control methods under different conditions, so as to realize the safe and 
economic operation of hybrid EGCS. 

There are several kinds of materials that can be taken as the absor
bents[20] such as limestone (CaCO3), seawater, Sodium hydroxide 
(NaOH) and magnesium hydroxide (Mg(OH)2)[18] etc. Many scholars 
paid attention to modeling the mechanism of SO2 removal process using 
different kind of absorbents. In fact, calcium-based absorbent is one of 
the most commonly used absorbent worldwide due to its low cost and 
high efficiency[21]. There were plenty of studies carried out about 
calcium-based absorbents. For example, Brogren et al.[22] and Zhong 
et al. [23] were devoted to describe the SO2 absorption process in a 
spray tower based on unsteady theory with numerical method. The 
models took limestone dissolution, sulfite oxidation, gypsum crystalli
zation and the hydrolysis reaction of CO2 into consideration. These 
models could be used to quantify the mass transfer in the spray scrubber. 
The influences of liquid-to-gas ratio, SO2 concentration of inlet flue gas, 
and combination mode of different spray levels to the desulfurization 
efficiency are analyzed. Although, the calcium-based absorbents are 
difficult to be applied on ships due to its solid by-products and other 
reasons, the models are worth to be referenced. Actually, seawater is 
more often used as the absorbent of EGCS, rather than calcium-based 
absorbent. Darake et al. [24,25] and Caiazzo et al. [26] studied the 
reactive absorption of SO2 in packed-bed tower and spray tower 
experimentally and mathematically. The influence of important factors 
such as flue gas temperature, flue gas velocity, droplet size, and velocity 
on the scrubbing process were investigated. Seawater is the absorbent of 
open-loop EGCS. Most closed-loop EGCS use sodium hydroxide (NaOH) 
as absorbent. Recent year, due to the high price of sodium hydroxide, 
magnesium-based absorbents are adopted by some researchers[27]. Liu 
et al. [28] built a CFD (computational fluid dynamic) model using R- 
Flow (a computational fluid dynamic software) in order to investigate 
the flow field and SO2 absorption rate in the absorber of magnesium- 
based EGCS. The effects of liquid-gas ratio and other factors on 

Nomenclature 

a specific area between gas and liquid phase, m2/m3 

c concentration in liquid phase, mol/m3 

ci concentration at the gas-liquid interface, mol/m3 

c average concentration in liquid phase during a period of 
time, mol/m3 

CD drag coefficient 
dl diameter of droplet, m 
Dg molecular diffusivity of species in the gas phase, m2/s 
Dl molecular diffusivity of species in the liquid phase, m2/s 
g gravitational acceleration, N/kg 
G gas flow rate, m3/s 
H Henry’s constant, (Pa⋅m3)/mol 
kg gas phase mass transfer coefficient, mol/(m2⋅s⋅Pa) 
ks1 equilibrium constant of SO2(aq)
ks2 equilibrium constant of HSO−

3 
kc1 equilibrium constant of CO2(aq)
kc2 equilibrium constant of HCO−

3 
kw equilibrium constant of H2O 
kd crystallization or dissolution constant, mol/(m3⋅s) 
kSP solubility product, (mol/m3)2 

L liquid flow rate, m3/s 
N mass transfer rate mol/(m3⋅s) 
p partial pressure in the gas phase, Pa 
pi partial pressure at the gas-liquid interface, Pa 
R universal gas constant, 8.3141 J/(mol Â⋅ K) 
Re Reynold number 

RS degree of supersaturation 
r the distance from the center of the droplet, m 
rd dissolution reaction rate, mol/(m3⋅s) 
S cross-sectional area of the scrubber, m2 

Sh Sherwood number 
Sc Schmidt number 
t movement duration of drops, s 
tp corresponding time scale of oscillation, s 
T temperature, K 
u velocity, m/s 

Greek letters 
π ratio of circumference to diameter 
σ surface tension, N/m 
ρ density, kg/m3 

μ viscosity, Pa⋅s 
η efficiency, % 

Subscripts 
g gas 
l liquid 
abs absorption 
oxi oxidation 
inlet inlet of the scrubber 
dis discharged 
sea seawater 
mag magnesium-based absorbent  
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desulfurization efficiency were studied. The calculated results are in 
good agreement with the experimental values. These studies are con
ducted on a single kind of absorbent, which are very helpful for the 
design and operation of the open-loop or closed-loop EGCS. However, 
the hybrid EGCS can switch between the open-loop and closed-loop 
modes. The switching of operating mode often means the switching of 
absorbents. The design of hybrid EGCS is supposed to meet the desul
furization requirements of both two or even more kind of absorbents. 
There is still a lack of a model that can compare and study the differences 
on desulfurization performance among various absorbents. This poses a 
challenge to the design and operation of the EGCS system. 

Taking the above-stated into account, a detailed model of hybrid 
EGCS using two different absorbents (seawater and magnesium-based 
absorbent) is developed. The motion of droplets, the absorption or 
desorption of SO2 and CO2, the mass transfer in the liquid phase, the 
dissolution or crystallization of MgCO3,MgSO3 and Mg(OH)2, the 
equilibrium of the ion and charge are taken into consideration. Based on 
the model, the SO2 absorption process and the crystallization process are 
analyzed. And then the distribution of process parameters in EGCS is 
achieved. Meanwhile, the desulfurization efficiency of open-loop mode 
and closed-loop mode under different pH, temperatures, liquid-to-gas 
ratios and inlet SO2 concentration are calculated. On this basis, an 
operation strategy of the EGCS for different absorbents and sea areas is 
proposed. These results will be helpful for the design and the operation 
of the EGCS. 

2. Model development 

2.1. Process description 

As mentioned above, the hybrid EGCS is a complex, but flexible 
technology, allowing to be switched between open-loop mode or closed- 
loop mode depending on the situation. A typical hybrid EGCS is shown 
in Fig. 1. 

When the EGCS is operated as open-loop mode, the seawater is al
ways used as absorbent. The SO2 absorption process mainly occurs in the 
scrubber. The seawater sprays out from the nozzle and fully contact with 
the exhaust gas and remove the SO2 from the flue gas. After absorbing 

SO2, the waste water will be discharged directly into the sea. When the 
EGCS is operated as closed-loop mode, the NaOH or Mg(OH)2 is always 
used as absorbent. Different from the open loop mode, the fresh absor
bent will not be directly sprayed into the spray tower, but will be added 
to a recycle tank. What’s more, the absorbent will not be discharged 
directly into the sea after contact with the exhaust gas, but will return 
into the recycle tank again and fully mixed with the fresh absorbent. The 
absorbent stored in the recycle tank will not be discharged until meeting 
certain conditions (such as high enough density or high enough liquid 
level). The discharged absorbent is supposed to go through the water 
treatment unit in order to meet the standard. 

Therefore, in this paper, based on the above system, considering the 
motion of the droplet and the mass transfer and reaction process, an SO2 
absorption model of the hybrid EGCS system is established, which is 
shown in Fig. 2. 

The partial processes of the EGCS using different absorbents in the 
scrubber can be classified as follows: 

(1) For the seawater absorbents:  

SO2(g) ⇋ SO2(aq)                                                                                  

SO2(aq) + H2O ⇋ HSO3
-+H+

HSO3
-⇋SO3

2-+H+

CO3
2–+H+⇋HCO3

–                                                                                

HCO3
–+H+⇋CO2(aq) + H2O                                                                  

CO2(aq) ⇋ CO2(g)                                                                                

(2) For the magnesium-based absorbents:  

SO2(g) ⇋ SO2(aq)                                                                                  

SO2(aq) + H2O ⇋ HSO3
-+H+

HSO3
-⇋SO3

2-+H+

Mg(OH)2(s) ⇋ Mg2++2OH–                                                                    

Mg2++SO3
2-⇋MgSO3(s)                                                                        

Fig. 1. Diagrammatic sketch of a typical hybrid EGCS.  
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H++OH–⇋H2O                                                                                    

The absorption zone has been discretized into n calculation cells 
numbered from top (i = 1) to bottom (i = n), and the droplets have been 
discretized into m calculation cells from the surface (j = 1) to the center 
(j = n) of the droplets. 

2.2. Assumptions 

Since the procedures in EGCS are considerably complex, such as 
collisions between droplets, gas-liquid distribution in scrubber, collision 
between droplets and scrubber sidewalls, etc. It’s hard to describe all the 
procedures critically with the numerical method. The following as
sumptions are thus made for the model: 

1. The flue gas is regarded as an ideal gas. The volume of flue gas is 
not influenced by mass transfer. The temperature is the same between 
gas and liquid phase. 

2. The droplets are considered to be a standard sphere with the same 
size. All droplets are evenly distributed on the horizontal plane. There is 
no collision between droplets. 

3. The charge balance and ion balance are instantaneously reached in 
the droplets. 

4. Only the effects of H+, OH− , Mg2+, S(IV) and C(IV) are considered 
in the calculation of SO2 absorption process 

2.3. Numerical model 

The main reactor of the hybrid EGCS is the scrubber. In the scrubber, 
the seawater and the magnesium-based absorbent contact with the 
exhaust gas and absorb the SO2. In order to build a detailed model, the 
SO2 removal process in the scrubber, the following process are taken 
into the consideration. 

2.3.1. Motion of droplets 
The motion of droplets can be described by the balance of forces 

acting, which can be express by Eq. (1)[29]: 

π
6

d3ρl
dul

dt
=

π
6

d3( ρl − ρg
)
g − CDρg

π
4

d2(ug − ul)
2

2
(1)  

where CD is the drag coefficient and can be calculated by Eq. (2) and (3): 

CD =
24
Re

(1 + 0.125Re0.72) (2)  

Re =
d
⃒
⃒ug − ul

⃒
⃒ρg

μg
(3) 

And the specific area between gas and liquid phase can be obtained 
by Eq. (4) 

a =
6L

dSul
(4)  

2.3.2. Mass transfer and reaction 
Absorption or desorption and of SO2 and CO2: When the EGCS is 

operated in open-loop mode, the droplets absorb SO2 from exhaust gas 
and release CO2 at the same time. When the EGCS is operated in closed- 
loop mode, droplets absorb SO2 from exhaust gas. The absorption or 
desorption rate of SO2 and CO2 can be defined by calculating the flux of 
SO2 and CO2 [30]: 

NA = kg,A
(
pA − pi,A

)
(5) 

Here, A is the gaseous solute such as SO2 or CO2. 
And the gas phase coefficient kg,A can be acquired by Fröslling cor

relation[31]: 

Sh =
kg,AdRT

Dg,A
= 2+ 0.55Re0.5Sc1/3 (6)  

where Sc is the Schmidt number: 

Sc =
μg

ρgDg,A
(7) 

The gas phase diffusion coefficient can be predicted by FSG method, 
expressed by Fuller et.al[32]: 

Dg,A =

9.86 × 10− 9∙T1.75∙
[

1
Mair

+ 1
MA

]1/2

0.000001∙p∙
(

V1/3
air + V1/3

A

)2 (8) 

The pressure of exhaust gas is close to 1 atm, the concentration of 
SO2 is low (several hundred ppm). As a result, at the gas-liquid interface, 
the partial pressure of gas can be calculated by Henry’s law: 

Fig. 2. Diagram of calculation process in the numerical model.  
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pi,A = Hci,A (9) 

Mass transfer in the liquid phase: According to the Fick’s law, such 
unsteady mass transfer with chemical reaction process can be described 
as [23]: 

∂cA

∂t
=

∑n

i=1
DAi

(
∂2cAi

∂r2 +
2
r

∂cAi

∂r

)

− rd,A (10) 

Here, A is the species in the slurry such as S(IV), C(IV), Mg(II) etc. 
Dissolution or crystallization of MgCO3,MgSO3 and Mg(OH)2: The 

dissolution or crystallization of MgCO3,MgSO3 and Mg(OH)2 can be 
described by Eq. (10). 

rd = kd(RS − 1) (11) 

where the degree of supersaturation of MgCO3,MgSO3 and Mg(OH)2 
are shown in the Table 1. 

Equilibrium of the ion and charge: According to the ionic equilib
rium theory, the equilibrium constants of S(IV), C(IV), S(VI) and H2O are 
shown in the Table 2. 

The equilibrium constants mentioned above are calculated based on 
the work of Pasiuk-Bronikowska and Rudziński[33]. 

With the assumption 3, the charge equilibrium can be described as 
flowing: 

cH+ − cOH− 2cMg2+ − 2cSO2−
3
− cHSO−

3
− 2cCO2−

3
− cHCO−

3
= 0 (12) 

According to the works of Angelo et. al[34], during the falling pro
cess of droplets, the droplet will oscillate between an oblate spheroid 
and a prolate spheroid during the falling process. The corresponding 
time scale can be calculated as follows: 

tp =
π
4

̅̅̅̅̅̅̅̅

ρld3

σl

√

(13) 

After each oscillation, the contents of the droplet mix completely, 
and the average concentration of each contents in the droplet will be 
calculated and then replace the present value, which will modify the 
errors caused by the inner circulation in the droplets. 

Since the absorption in the absorber is countercurrent, the boundary 
conditions are separated. The initial content of the droplet is known at 
the top of the scrubber. However, the content of the flue gas at the top of 
the scrubber is not clear. As a result, it is necessary to calculate the SO2 
partial pressure from the top to the bottom with the assumed outlet SO2 
partial pressure in order to obtain the inlet SO2 partial pressure, and 
continuously amend outlet SO2 partial pressure by the dichotomy 
method. Finally, an accurate outlet SO2 partial pressure can be obtained. 
The strategy of the calculation program is shown as Fig. 3. The model is 
programed and realized based on the MATLAB 2020. 

3. Results and discussion 

In this part, the SO2 absorption rate mentioned is regard to the mass 
transfer rate of SO2 from flue gas to the droplets of seawater and 
magnesium-based absorbent. And the mass transfer coefficient regard to 
the SO2 absorption ability of the droplets. 

3.1. Model validation 

Several groups of test data from EGCS of 2 ships under different loads 
are used to verify the numerical model. The main engines are 51.5 MW 
and 19.8 MW, respectively. The operation conditions of the ships are 
shown in Table 3. Fig. 4 shows the calculated efficiency versus the 
measured efficiency. The average error between calculated efficiency 
and the measured efficiency is 2.26 ppm and the largest error is 9.9 ppm. 
Meanwhile, the trend of calculated value matches the measured value. 
The comparison reveals that the model can describe the SO2 absorption 
process in the EGCS well. 

3.2. SO2 absorption process in the droplet 

In hybrid EGCS, two or more different kinds of absorbents are used. 
Different kinds of absorbents usually have different SO2 absorption 
performance. This is a challenge for the operation of the hybrid EGCS 
system. In this part, based on the model mentioned above, the SO2 ab
sorption process in the droplet of two typical kinds of absorbents are 
compared, and the influence of important factors of SO2 absorption rate 
and crystallization performance are obtained. 

3.2.1. SO2 absorption rate 
Generally speaking, the key factors affecting SO2 absorption process 

are pH, temperature and droplet composition. 
Influence of pH: The pH of the absorbent is always considered to be 

an important parameter during the SO2 absorption process. Fig. 5 shows 
the effects of pH value on the SO2 absorption rate and mass transfer 
coefficient of seawater and magnesium-based absorbent. 

The pH of seawater is usually depended on its alkalinity, while the 
pH of magnesium-based absorbent is usually depended on the Mg(OH)2/ 
SO2 ratio. As shown in Fig. 5 (a), for magnesium-based absorbent, the 
pH is related to the exist form of S(IV) and also affects the dissolution 
rate of Mg(OH)2. For seawater, the pH affects the distribution of S(IV) 
and C(IV) in the liquid phase, thus affecting the absorption of SO2 and 
the desorption of CO2. The effects of pH value on SO2 absorption rate are 
shown in Fig. 5 (b). 

According to Fig. 5 (b), with the increase of pH, the absorption rate 
of both seawater and magnesium-based absorbent increase. Meanwhile, 
higher SO2 concentration usually led to higher SO2 absorption rate for 
both of two absorbents. When the S(IV) concentration of magnesium- 
based absorbent is 0 mol/m3, the effect of pH on the SO2 absorption 
rate is similar to seawater. However, when the S(IV) concentration is 
100 mol/m3 or 200 mol/m3, with the increase of pH, the SO2 absorption 
rate increases rapidly first and then gradually slows down, which is 
significantly different with the seawater. 

In order to explain the reason of different variation of SO2 absorption 
rate with pH between seawater and magnesium-based absorbent, Fig. 5 
(c) shows the effects of pH on mass transfer coefficient. With the in
crease of pH, the mass transfer coefficient of both seawater and 
magnesium-based absorbent increase. Obviously, the pH value of the 
absorbent can only affect the mass transfer and reaction process in the 
liquid phase. As the pH increases, the reaction rate of SO2 in the liquid 
phase increases, and the mass transfer coefficient the liquid phase in
creases, resulting in an increase in the overall mass transfer coefficient. 

Table 1 
The degree of supersaturation of MgCO3,MgSO3 and.Mg(OH)2  

Symbol Explanation Equations 

RSMgCO3  Degree of supersaturation of MgCO3  cMg2+ cCO2−
3
/kSP,MgCO3  

RSMgSO3  Degree of supersaturation of MgSO3  cMg2+ cSO2−
3
/kSP,MgSO3  

RSMg(OH)2  
Degree of supersaturation of Mg(OH)2  cMg2+ c2

OH− /kSP,Mg(OH)2   

Table 2 
Equilibrium constant of S(IV), C(IV), S(VI) and H2O.  

Symbol Explanation Equations 

ks1  Equilibrium constant of SO2(aq) cH+ cHSO−
3
/cSO2(aq)

ks2  Equilibrium constant of HSO−
3  cH+ cSO2−

3
/cHSO−

3  

kc1  Equilibrium constant of CO2(aq) cH+ cHCO−
3
/cCO2(aq)

kc2  Equilibrium constant of HCO−
3  cH+ cCO2−

3
/cHCO−

3  

kw  Equilibrium constant of H2O  cH+ Â⋅cOH−
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However, when the concentration of S(IV) is high, S(IV) can be regarded 
as a pH buffer, slowing down the accumulation rate of SO2(aq), thereby 
increasing the liquid phase mass transfer coefficient as well. When the 
liquid phase mass transfer coefficient is large enough, the absorption 
process is controlled by the gas phase mass transfer. The gas phase 
transfer coefficient limits the further increase of the total mass transfer 
coefficient. 

What’s more, in Fig. 5 (b), when the pH is low, the higher S(IV) 
concentration will significantly increase the SO2 absorption rate of 

magnesium-based absorbent. However, when the pH is high, the SO2 
absorption rate will decrease with the increase of S(IV) concentration. 
According to the Fig. 5 (c), when the pH is low, the S(IV) stabilizes the 
pH, and thus increase the mass transfer coefficient. However, when the 
liquid phase mass transfer coefficient is large enough, the absorption 
process is controlled by the mass transfer in gas phase. At this time, 
further improve the S(IV) concentration will reduce the driving force of 
mass transfer process, thus reduce the absorption rate. 

Influence of temperature: In addition to pH, temperature is also a 

Fig. 3. The strategy of calculation.  

Table 3 
Operation conditions of the ships used for validation.   

Sulfur content (%) Load (%) Mode Inlet CO2(%) Inlet SO2 (ppm) Temperature (◦C) pH Washwater flow rate (L/h) 

Ship 1 2.8 50 closed  3.55  433.430 48 6.61 754 
50 closed  3.55  433.430 37 6.32 681 
85 closed  3.6  439.535 52 6.8 768 
85 closed  3.58  437.093 55 6.36 708 
50 open  3.49  426.105 9 7.8 469 
50 open  3.48  424.884 9 7.9 518 
85 open  3.6  439.535 9 7.8 541 
85 open  3.61  440.756 10 7.9 479 

Ship 2 2.28 50 closed  4.73  458.780 56 6.51 2116 
50 closed  4.67  452.961 55 6.9 1769.2 
60 closed  4.67  452.961 27 7 2114 
60 closed  4.72  457.811 46 6.79 1989 
50 open  4.74  459.750 13 8.1 1263 
50 open  4.84  469.450 13 7.9 968 
60 open  4.56  442.292 12 8 1320 
60 open  4.59  445.201 12 7.4 997  
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key factor affecting the absorption rate of SO2. Fig. 6 shows the effects of 
temperature on the SO2 absorption rate and mass transfer coefficient of 
seawater and magnesium-based absorbent. 

There are three reasons why temperature can affect the absorption 
rate, as shown in Fig. 6 (a). The first reason is that the temperature can 
affect the diffusion coefficient in the gas phase and liquid phase. Higher 
temperature will promote the mass transfer process. The second reason 
is that the temperature can affect the Henry’s constant. The solubility of 
the gaseous solute closely depends on the temperature. With the in
crease of temperature, the solubility of the gaseous solute decrease. The 
third reason is that the temperature can affect the reaction rate during 
the SO2 absorption process. The chemical reaction rate of the SO2 ab
sorption process will change with the temperature. 

As shown in Fig. 6 (b), when the S(IV) concentration is 0 mol/m3, the 
absorption rate of magnesium-based absorbent varies with the temper
ature is similar to seawater, and the absorption rate decreases with the 
increase of temperature. However, when S(IV) concentration is 100 
mol/m3 or 200 mol/m3, the effects of temperature on absorption rate 
and mass transfer coefficient are quite different from seawater. When 
the temperature is less than 50 ◦C, the temperature has little effect on the 
absorption rate. It is worth mentioning that when the concentration of S 
(IV) is 100 mol/m3 and the concentration of SO2 is 2000 mg/m3, the 
absorption rate reaches the maximum when the temperature is equal to 
32 ◦C. Moreover, under the condition that the SO2 concentration is 2000 
mg/m3, when the temperature is higher than 65 ◦C, the SO2 absorption 
rate decreases with the increase of S(IV) concentration. While, when the 
temperature is lower than 65 ◦C, the absorption rate increases with the S 
(IV) concentration. 

Fig. 6 (c) shows the effects of temperature on mass transfer coeffi
cient. Similarly, when the S(IV) concentration is fixed at 0 mol/m3, the 
trend of mass transfer coefficient of magnesium-based absorbent varies 
with the temperature is similar to seawater, and the mass transfer co
efficient decrease with the increase of temperature. When the concen
tration of S(IV) is 100 mol/m3 and the concentration of SO2 is 2000 mg/ 
m3, the mass transfer coefficient reaches the maximum when the tem
perature is equal to 35 ◦C. When the concentration of S(IV) is 100 mol/ 
m3 and the concentration of SO2 is 3000 mg/m3, the mass transfer co
efficient reaches the maximum when the temperature is equal to 30 ◦C. 
Also, according to Fig. 6 (c), the phenomenon mentioned above can be 
explained. When the temperature is lower than 65 ◦C, increasing S(IV) 
will increase the reaction rate of SO2(aq) and the diffusion rate of 
matters, and thus improve the mass transfer coefficient. When the 
temperature is higher than 65 ◦C, improving the concentration of S(IV) 
will reduce the driving force of mass transfer process, thus reduce the 
SO2 absorption rate. 

3.2.2. Crystallization performance 
In the hybrid EGCS, the crystallization process will cause scaling 

problems in the scrubber and the recycle tank, thereby jeopardizing the 
safety of the EGCS system. It can be seen from Fig. 5 (a) that when the S 
(IV) concentration is fixed to 200 mol/m3, the situation of pH > 6.55 is 
not calculated. This is because when the S(IV) concentration is 200 mol/ 
m3 and pH is>6.55, the MgSO3 in the slurry will crystallize so that the 
composition of the absorbent will be changed in order to rebuild the 
dissolution balance. In fact, in addition to MgSO3, MgCO3 also exists in 
the deposition of the magnesium-based desulfurization system. There
fore, for magnesium-based absorbents, the crystallization characteristic 
of MgSO3 and MgCO3 should also be studied to avoid scrubber and 
recycle tank from scaling. 

Fig. 7 shows the effects of pH value and temperature on the crys
tallization in magnesium-based EGCS. With the increase of pH, the 
critical crystallization concentration of both MgSO3 and MgCO3 de
creases. With the increase of temperature, the crystallization S(IV) 
concentration of both MgSO3 and MgCO3 increases. The crystallization 
of MgCO3 may occur only if the pH of the magnesium-based absorbent is 
too high. However, in order to prevent crystallization of MgSO3, it is 
necessary to control the pH, temperature and S(IV) concentration of the 
magnesium-based absorbent at the same time. 

3.3. SO2 absorption process in the scrubber 

The scrubber is most commonly used in the marine EGCS especially 
in hybrid EGCS. In the scrubber, the droplets are ejected from the nozzle 
and contact with the exhaust gas. In sections 3.2, the key factors 
affecting the absorption and crystallization process in the droplet are 
mainly studied. As the droplets fall, the SO2 will be absorbed by the 
droplets, thereby decreasing the pH and increasing the S(IV) concen
tration in the droplets. Meanwhile, the SO2 concentration of the flue gas 
will be obviously changed. Due to the mass transfer between the gas and 
the droplets, the factors will vary as the droplets fall. Different absor
bents have different desulfurization characteristics, and the distribu
tions of process parameters with the height of the spray zone are also 
different. The distribution of key process parameters in EGCS under 
typical working conditions is studied, which is shown in Fig. 8. 

As can be seen from the Fig. 8, there is an obvious difference between 
seawater and magnesium-based absorbent on the distribution of process 
parameters with the height of the spray zone. The pH of seawater de
creases quickly as the droplets fall, while the pH of magnesium-based 
absorbent is much more stable and does not decrease significantly. 
Therefore, when the EGCS is switched to the open-loop mode and using 
seawater as absorbent, a higher inlet SO2 concentration will significantly 
affect the desulfurization performance of EGCS. However, when the 

Fig. 4. Comparisons between calculated value and measured value.  
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EGCS is switched to the closed-loop mode, there is almost no difference 
between the pH of droplets at the top and bottom of the scrubber. Thus, 
the magnesium-based absorbent shows a better adaptability to the inlet 
SO2 concentration. 

What’s more, there is a maximum SO2 absorption rate of the 
seawater as the droplets fall, which is quite different from that of 
magnesium-based absorbent. In general, the variation of absorption rate 
in the scrubber is mainly caused by the change of mass transfer driving 
force and the change of mass transfer coefficient. In most cases, as the 
droplet falls, the mass transfer driving force will gradually increase due 
to the increase of SO2 concentration in the flue gas, while the mass 
transfer coefficient will gradually decrease due to the change of pH 
value. At the top of the scrubber. The SO2 absorption rate of seawater 
increases with the increase of the mass transfer driving force. While, at 
the bottom of the scrubber, the change of seawater pH will significantly 

affect the SO2 absorption rate. As the pH gradually decreased, the ab
sorption rate also decreased gradually. However, the pH of magnesium- 
based absorbent is much more stable and does not decrease significantly. 
As a result, with the monotonous change of the driving force of mass 
transfer, the absorption rate also changes monotonically. 

3.4. Operation strategy of EGCS for safety and efficiency 

In the actual operation process, the timely switching of the operating 
mode is very important. Generally speaking, the EGCS operation mode is 
switched according to the position the location of the ship and whether 
the export S/C (ratio of volume fraction SO2 and CO2, ppm/%) meets the 
standard. However, this is difficult to guarantee the safety and efficiency 
of the system. In fact, to determine whether the operation mode should 
be switched should also consider a series of parameters such as the pH 

Fig. 5. (a) Schematic diagram of effects of pH value on SO2 absorption process. (b) Effects of pH value on SO2 absorption rate. (c) Effects of pH value on mass 
transfer coefficient. (Temperature ¼ 50 ◦C; mole ratio of CO2 ¼ 4.5 %; velocity between gas and liquid phase ¼ 4 m/s). 
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and temperature of the seawater. Thus, in this part, the operation 
strategy of EGCS for safety and efficiency is discussed. 

3.4.1. Operation strategy for safety 
First of all, the most important thing is to ensure the safe operation of 

EGCS. Scaling will greatly affect the safety of EGCS, especially it is 
operated in closed-loop mode. According to Fig. 7, the MgCO3 will 
crystallize only if the pH value is higher than 7.2. Therefore, under 
normal operating conditions, MgSO3 is more likely to cause scaling. In 
the condition of continuous slurry discharge, the average S(IV) con
centration in the slurry during a period of time can be described as: 

cS(IV) =

∫ t2

t1

GηabsηoxicSO2 ,inlet

MSO2 Ldischarge
dt (14) 

It is possible to determine whether or not crystallization will occur 

under the condition of different inlet SO2 concentrations and pH values, 
so as to prevent the absorber or recycle tank from scaling, which is 
shown in Fig. 9. Under the condition of a certain inlet concentration, the 
EGCS can be prevented from scaling by increasing the flowrate of slurry 
discharge, decreasing the pH of the slurry, and enhancing the oxidation. 

3.4.2. Operation strategy for efficiency 
On the premise of ensuring the safe operation of EGCS, it is necessary 

to reduce the operating cost of EGCS and prevent the outlet S/C from 
over-standard. Due to the large fluctuations in seawater temperature 
and pH on a global scale [35–37], as shown in Fig. 10 (a), the important 
influencing parameters such as temperature, pH and liquid–gas ratio (L/ 
G) on the desulfurization efficiency of seawater and magnesium desul
furization are studied, and the results are shown in Fig. 10 (b) and (c). 
As shown in Fig. 10 (a), the pH of seawater worldwide is mainly 

Fig. 6. (a) Schematic diagram of effects of temperature on SO2 absorption process. (b) Effects of temperature on SO2 absorption rate. (c) Effects of temperature on 
mass transfer coefficient. (pHsea ¼ 8; pHmag ¼ 6.8; mole ratio of CO2 ¼ 4.5 %; velocity between gas and liquid phase ¼ 4 m/s). 
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7.5–8.25, and the temperature of seawater is mainly 0–30 ◦C. 
As shown in Fig. 10 (b), the desulfurization efficiency of open-loop 

mode increases with the increase of liquid–gas ratio/pH/temperature. 
Besides, the SO2 removal efficiency of open-loop mode is greatly 
affected by the inlet SO2 concentration. And as the inlet SO2 concen
tration increases, the influence of liquid gas ratio/pH/temperature on 
the desulfurization efficiency gradually increases. In practical applica
tions, the desulfurization efficiency of the open-loop mode is easily 
affected by inlet concentration, seawater pH, and seawater temperature. 
Therefore, when the inlet SO2 concentration is higher than 2000 mg/m3, 
the emission standard will never be met with open-loop mode unless the 
liquid gas ratio is high enough. Under these situations, using open-loop 
mode is not an efficient way to realize the desulfurization of the exhaust 
gas, especially in the SECA because of its stricter emission standards. 

As shown in Fig. 10 (c), the desulfurization efficiency of closed-loop 
mode increased with liquid gas ratio/pH/temperature as well. 
Compared with open-loop mode, the inlet SO2 concentration has a 
relatively small effect on closed-loop mode. Not only that, the pH value 
of the absorbent in the closed-loop mode is controllable, which means 
that the closed-loop mode can adopt nearly all application scenarios. 
Moreover, since the efficiency of the closed-loop mode is less affected by 
the temperature of the absorbent, it is not necessary to equip the 

Fig. 7. Effects of pH value and temperature on the critical crystallization S(IV) concentration of (a) MgSO3 (b) MgCO3.  

Fig. 8. Distribution of process parameters with the height of the spray zone.  

Fig. 9. Effects of pH, temperature and oxidation rate (OR, the ratio between 
sulfur oxidized from tetravalent to hexavalent and total absorbed sulfur) of 
sulfur on the critical crystallization concentration of magnesium- 
based absorbent. 
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absorbent heat exchanger when using the closed-loop mode, which can 
further reduce the investment and operating costs of EGCS. At the same 
time, different from open-loop mode, the efficiency of closed-loop mode 
increases as the inlet SO2 concentration increases, although the outlet 
SO2 concentration increase as well. This is because the desulfurization 
process of closed-loop mode is mainly controlled by the gas phase mass 
transfer. As a result, the inlet concentration has little influence on the 
mass transfer coefficient. At this time, the absorption rate is only related 
to the driving force of the mass transfer process. However, when the SO2 
concentration in the flue gas is low, the magnesium-based absorbent is 
difficult to remove the SO2 from the exhaust gas due to the limitation of 
the mass transfer driving force. At this time, it should be switched to 
open mode to reduce the cost and further improve the desulfurization 
efficiency. 

Therefore, in the actual operation process, when the pH and tem
perature of the seawater are measured, the minimum liquid-gas ratio 
that meets the emission requirements can be obtained according to 
Fig. 10 (b). At the same time, the maximum operating pH can also be 
obtained under the current conditions of inlet concentration according 
to Fig. 9. Usually, in the closed-loop mode, the absorbent temperature 
will be maintained at about 50 ◦C. At this time, the minimum liquid-gas 
ratio of the closed-loop mode at the same efficiency can be obtained 
according to Fig. 10 (c). Taking the price of the magnesium-based 
absorbent into consideration, the decision on whether the operating 
mode should be switched can be made. 

4. Conclusion 

In this paper, a detailed model is established of SO2 absorption 
process in hybrid EGCS using seawater and magnesium-based absorbent. 
The motion of droplets, the absorption or desorption of SO2 and CO2, the 
mass transfer in the liquid phase, the dissolution or crystallization of 

MgCO3,MgSO3 and Mg(OH)2, the equilibrium of the ion and charge are 
taken into consideration. 

Based on the model, a comparison between seawater and 
magnesium-based absorbent on the SO2 absorption process in the 
droplet is made. The important factors (temperature, pH, S(IV) con
centration, etc.) of the absorption rate and mass transfer coefficient of 
different absorbents are obtained. The absorption rate of SO2 of 
magnesium-based absorbent is nearly not affected by pH value and 
temperature under the condition of pH value > 6.6 and temperature less 
than 50 ◦C. At the same time, the influence of pH and temperature on the 
critical crystallization concentration of magnesium method absorbent is 
studied. Scaling is more likely to occur when the pH is high and the 
temperature is low. 

And then the distribution of process parameters with the height of 
the spray zone are obtained. It is found that the distribution of process 
parameters of seawater and magnesium-based absorbent are completely 
different, which may determine the completely different desulfurization 
performance of these two kinds of absorbent. Compared with seawater, 
the pH of magnesium-based absorbent is almost unchanged as the 
droplets fall. Therefore, magnesium-based absorbents are recommended 
when the inlet SO2 concentration is high. 

Finally, the crystallization and desulfurization performance of EGCS 
under different conditions are studied. In order to ensure the safe 
operating of EGCS and prevent the EGCS from scaling, the safe operation 
ranges of magnesium-based absorbent under different temperature and 
oxidation rate are given. And an operation strategy of the EGCS for 
different absorbents and sea areas is proposed. The operators can adjust 
the liquid-gas ratio of the current operating mode or switch to other 
modes according to the temperature and pH of seawater and emission 
standard. These results will be helpful for the design and the operation of 
the EGCS. 

Fig. 10. Effects of temperature and pH on the desulfurization efficiency of EGCs at (b) open-loop and (c) closed-loop.  
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