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Abstract: To meet the International Maritime Organization’s requirements for carbon dioxide

emissions from ships, a cost-effective and practical ship decarbonization tower was autonomously

designed based on the marine diesel engine model 6135G128ZCa. The tower is internally filled with

structured packing, and a slot-type liquid distributor at the top of the packing evenly distributes the

NaOH solution to absorb carbon dioxide from the ship’s exhaust gas. Experimental research was

conducted to investigate the influence of factors such as liquid-to-gas ratio and NaOH concentration

on the performance of the decarbonization tower. The results confirmed that the use of NaOH

solution can effectively absorb CO2 from ship exhaust gas, reducing CO2 emissions by more than

81.59% and meeting the EEDI (Energy Efficiency Design Index) requirements specified by the IMO.

Keywords: ship CO2; decarbonization tower; liquid-to-gas ratio; NaOH concentration

1. Introduction

Maritime In recent years, global warm-ing-induced ocean acidification, polar ice melting, sea

level rise, droughts and hurricanes have had a serious impact on the global eco-system and sustainable

economic development. Excessive emissions of carbon dioxide (CO2), which account for about 80% of

total green-house gas emissions, are reported to be the main cause of global warming. The signing of

the Paris Climate Agreement signaled a con-sensus among countries to reduce GHG emis-sions[1].

According to the International En-ergy Agency (IEA) "CO2 Emission Report 2022", the global CO2

emissions in 2022 will reach 36.8 billion tons, and China’s CO2 emissions will be 12.1 billion tons,

accounting for 32.88% of the global total [2], in the con-text of China’s rapid economic growth, the

industrial development of the country is facing enormous pressure to reduce CO2 emissions. In

September 2020, China clearly put forward the goal of "carbon peak" in 2030 and "carbon neutral" in

2060.A research report by the International Maritime Organization (IMO) indicates that in 2020, CO2

emissions from global shipping accounted for approximately 6% of the world’s total CO2 emissions.

Without proper control measures, global maritime CO2 emissions could double by the mid-21st century

[3]. The 80th session of the IMO Marine Environment Protection Committee (MEPC 80) was held on

July 7, 2023. During the meeting, the committee revised the strategy for reducing greenhouse gas

emissions from ships. The new targets for emission reduction are as follows: to peak international

shipping’s greenhouse gas emissions as soon as possible and achieve net-zero emissions around

2050, taking into account different national circumstances. By 2030, the annual total greenhouse gas

emissions from international shipping should be reduced by at least 20% compared to 2008 levels,

with a further ambition to reduce by 30%. By 2040, the annual total greenhouse gas emissions from

international shipping should be reduced by at least 70% compared to 2008 levels, with a further

ambition to reduce by 80% [4].

At present, carbon dioxide capture in the field of ships is still mainly concentrated in the field

of land-based exhaust emission control, and the main technologies include physical adsorption,

chemical absorption, membrane absorption, etc[5]. Physical adsorption method refers to under certain

conditions, the exhaust gas through the bed filled with porous materials, flue gas in the CO2 through
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physical and chemical bonding adsorption on the sur-face of the adsorbent material, and N2 and other

gases flow directly through the bed, to be adsorbed saturated through the lowering of the system

pressure or heating, vacuum, desorption of high concentrations of CO2 gas prod-ucts.According to the

difference of the de-sorption process, the adsorption method can be divided into variable pressure

adsorption [6–8], variable temperature adsorption and combined variable temperature/variable

pressure adsorp-tion. Adsorbents used in adsorption methods include solid amines [9], carbon

materials [10], molecular sieves [11], metal-organic skeletons (MOF) [12] and others. Silica-based

materials represented by mesoporous silica (MPS) and zeolite (Z0L) are rich in variety, synthesized

by various methods, with porous and regular structures and large specific surface areas, and thus

are widely used as solid amine adsorption carriers [13,14]; WU et al [15] synthesized porous carbon

materials rich in mesoporous structures by hydrothermal/templating method by using chitosan

as a carbon source and F127 as a soft templating agent and demonstrated good CO2 adsorption

performance. demon-strated good CO2 adsorption effect. Zhang Xueshi et al [1[16–19] studied the

molecular sieve-type CO2 absorption, using some amino substances adsorbed on the molecular sieve

to absorb CO2, this by grafting amino groups in the mesoporous molecular sieve, opened up a new

direction of molecular sieve method to remove CO2. Membrane separation method [20–22] is the use

of gas molecules in the membrane material of the dissolution and diffusion coefficient of the difference

between the two sides of the film pressure difference as the separation power, high permeability of

the gas quickly through the film, low permeability of the gas is retained in the other side of the film,

so as to realize the separation of gas[23]. Chemical absorption is the removal of carbon dioxide from

exhaust gases through the chemical reaction between carbon dioxide and absorbent, and the chemical

absorption process is a simultaneous process of mass transfer and reaction[24], and common chemical

absor-bents include ammonia, organic amine solu-tions, and other alkaline solutions, etc. [25], and

chemical absorption, as a relatively mature and the most marketable carbon capture tech-nology, has

attracted the attention of many researchers. Park et al[26] could reduce the extra energy required

for mineralization and fixation of CO2 to form metal carbonates by adding CaO to the saturated

solution of CO2 absorbed by NaOH and KOH. Chiang et al [27] added glycerol to the aqueous sodium

hy-droxide solution could significantly increase the total CO2 absorption efficiency; the study of Shen

Heming et al[28] from Jiangnan University used calcium hydroxide to solidi-fication, explored the

effects of CO2 concen-tration and carbonization time on the carbon-ization rate as well as the strength

of carboni-zation products, and the results showed that uneven carbonization was the main factor

leading to the lower strength of carbonization products at high CO2 concentration; Wang et al[29]

proposed a method of absorbing CO2 from the exhaust gas of a ship by using an alkaline NaOH

solution, and designed a system for decarbonization of a ship, and the study showed that the CaO The

presence of solid particles can improve the decarbonization ef-ficiency of NaOH solution to absorb

CO2 from ship exhaust.Johny et al[30] developed a sim-ple and practical CO2 capture device, which

absorbs CO2 by spraying NaOH solution through a nozzle to produce Na2CO3.It was found that the

absorption rate of CO2 was maximum at a molar concentration of 5 mol/L of NaOH solution.

In this paper, based on the marine 6135G128ZCa diesel engine, an economical and practical

decarbonization tower for ships is designed independently, the tower is filled with regular packing

inside, and the NaOH solution is uniformly distributed in the regular packing to absorb carbon dioxide

in the diesel exhaust through the slot liquid distributor at the top of the packing layer, and the effects

of liquid/gas ratio and NaOH concentration on the perfor-mance of the decarbonization tower are

studied through the experiments.
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2. Experimental Principles and Methods

2.1. Principle of CO2 Absorption by NaOH Solution

The absorption of CO2 by NaOH solution is mainly achieved using inexpensive industrial

chemical NaOH through an acid-base neutralization reaction to absorb CO2. The reaction equation is

as follows:

2NaOH + CO2 = Na2CO3 + H2O (1)

Since Na2CO3 is a basic substance, when there is insufficient NaOH in the reaction, the Na2CO3

present in the solution still has the ability to absorb CO2. The absorption process is as follows:

Na2CO3 + CO2 + H2O = 2NaHCO3 (2)

In this text, since there is an excess of NaOH in the solution, the efficiency of CO2 absorption is

calculated based on equation (1).

2.2. CO2 Absorption Efficiency and Liquid-to-Gas Ratio

CO2 absorption efficiency is an indicator that measures the effectiveness of NaOH solution in

absorbing carbon dioxide. It is typically expressed as a percentage, representing the ratio of the

amount of CO2 absorbed after passing through the decarbonization tower to the amount of CO2 before

absorption. It is an average value. The calculation formula is shown as equation (3):

ηCO2
=

qCO2B − qCO2L

qCO2B
(3)

In the equation, represents the absorption efficiency of CO2, q is the volumetric flow rate of CO2

in the exhaust gas, measured in m³/h. The subscript "B" denotes the parameters before CO2 absorption,

and the subscript "L" denotes the parameters after CO2 absorption.

The liquid-to-gas ratio refers to the volume ratio between the liquid phase and the gas phase in

the absorption process. It is an indicator that measures the relative content of liquid and gas during

the absorption process. The calculation formula is shown as equation (4):

ψ =
qL × 1000

qg
(4)

In the equation, represents the liquid-to-gas ratio, is the volumetric flow rate of the liquid phase,

and is the volumetric flow rate of the exhaust gas, measured in Nm³/h.

2.3. Ship CO2 Absorption Cycle System

Based on the NaOH solution’s ability to absorb CO2 from ships, a ship CO2 absorption system is

designed in conjunction with the parameter characteristics of the marine 6135G128ZCa diesel engine

at the Shanghai Maritime University Diesel Engine Testing Center, as shown in Figure 1.

When the ship diesel engine operates at 90% load, the exhaust gases are directed to the exhaust

pipe and decarbonization tower. The exhaust gases that enter the exhaust pipe are directly discharged

into the atmosphere, while the gases entering the decarbonization tower pass through a cooler to lower

the temperature to around 50°C. Then, they enter the bottom of the decarbonization tower through the

gas inlet. The alkaline solution is supplied to the tray-type liquid distributor in the decarbonization

tower through the liquid circulation system. The alkaline solution is evenly sprayed onto the packing

balls through openings or slits. The gas rises from the bottom of the tower and comes into contact with

the alkaline solution sprayed evenly by the tray-type liquid distributor. A chemical reaction occurs

between the gas and the alkaline solution, and carbon dioxide is absorbed by the alkaline solution.
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The purified gas is finally discharged from the top of the tower, while the reacted alkaline solution

flows into the mixing tank through the bottom outlet of the tower.

Figure 1. Recovery system of ship’s CO2.

1.6135G128Ca diesel engine 2. Three-way valve 3. Smoke flow meter 4. Cooler 5. Hybrid decarbonization

tower 6. Mixing tank 7. Chemical storage cabinet 8. Chemical pump 9. Chemical flow meter

3. Experimental Equipment

3.1. Marine Diesel Engine

The selected diesel engine for the experiment is the marine 6135G128ZCa diesel engine, which is

currently available at the Shanghai Maritime University Diesel Engine Testing Center, as shown in

Figure 2. The power output of the engine is equipped with a hydraulic dynamometer manufactured

by Nantong Testing Equipment Factory. The model is W440, with a maximum power of 440 kW, a

maximum speed of 5000 r/min, and a maximum torque of 1800 N·m. The diesel engine exhaust is

equipped with a smoke gas cooler, which can cool the smoke gas temperature within the range of 25

°C to 400 °C. The engine parameters are listed in Table 1.

Figure 2. 6135G128ZCa Diesel Engineer.
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Table 1. 6135G128ZCa Diesel Engineer .

Name Value Name Value

Bore 135mm Lubricating Oil Temperature 95°C
Stroke 140mm Cooling Water Temperature 60/95°C

Compression Ratio 16 Exhaust Pipe Flange 80/83mm
Piston Displacement 12.9L Exhaust temperature <580°C

Continuous Power/Speed 146kw/ 1500r·min-1 Temperature at 25% Rated Speed 327°C

12-hour Power Fuel Consumption Rate 225.8 g·(kw·h)-1 Temperature at 50% Rated Speed 390°C

12-hour Power Oil Consumption Rate 1.65 g·(kw·h)-1 Temperature at 75% Rated Speed 450°C

Average Piston Speed at Rated Speed 7.5m·s-1 Temperature at 100% Rated Speed 535°C
Firing Order 1-5-3-6-2-4 Starting Method Electric Start

Cooling Method r Water-cooled

3.2. Testing Equipment

The exhaust gas composition testing equipment used for the diesel engine is the PG-300 portable

gas analyzer, which consists of three components: the sampling component, power component, and

analysis component, as shown in Figure 2. The PG-300 smoke gas analyzer utilizes advanced sensors

and measurement technology, providing high precision and fast response. It can deliver accurate

measurement results and real-time monitoring of changes in exhaust gas composition. The PG-300

smoke gas analyzer can measure several key parameters, such as oxygen content (0-25 Vol%), carbon

monoxide (0-5000 ppm), carbon dioxide (0-30 Vol%), nitrogen oxides (0-2500 ppm), and so on.

Figure 3. PG-300 smoke gas analyzer.

4. Design of Decarbonization Tower

A simple and practical decarburization tower is designed independently based on the marine

6135G28Ca diesel engine of Shanghai Maritime University Diesel Engine Test Center. The specific

design is shown in Figure 4. The decarburization tower is mainly composed of cylinder, header,

regular packing, trough liquid distributor, gas-liquid inlet and outlet. The decarbonization tower

has a vertical tower structure, made of corrosion-resistant material stainless steel, tower height 3.3m,

cylinder diameter 0.4m, the tower is installed inside the cylinder packing support plate, used to

support the packing and separation of gas-liquid flow. The central part of the cylinder is filled with

regular packing, which can increase the gas-liquid contact area, and there is a trough-type liquid

distributor installed at the top of the tower, which is designed to distribute the lye evenly on the

packing layer to ensure that the lye can cover the whole surface of the packing and provide the best

gas-liquid contact. The decarbonization tower is externally equipped with a liquid circulation system:

this consists of pumps and circulation pipes. These systems are used to circulate and distribute the lye

to the tank liquid distributor to ensure a continuous supply of absorbing liquid and to enable the CO2

absorption reaction.
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The decarbonization tower works on the principle that the engine exhaust gas, which contains

carbon dioxide and other gaseous components, is piped into the bottom of the decarbonization tower

and enters through the gas inlet. The lye is supplied through a liquid circulation system to the

decarbonization tower’s trough liquid distributor, which is located at the top of the tower and sprays

the lye uniformly onto the packing layer. The tail gas rises from the bottom and comes into contact with

the lye sprayed by the tank liquid distributor on the packing layer. Under the action of the packing,

the carbon dioxide in the tail gas reacts chemically with the lye to form sodium bicarbonate. During

this reaction, the carbon dioxide is effectively captured and absorbed. After the absorption reaction,

the purified gas is discharged from the top of the tower and the lye containing sodium carbonate is

discharged from the bottom of the decarbonization tower into the mixing cabinet.

1.Cylinder body 2.Packing support
3. Structured packing 4.Packing compression ring 5.Trough-type liquid distributor 6.Reflux pipe

7.Flange 8.Gasket 9.Bolt 10.Nut 11.Cylinder body 12.Head

Figure 4. Design diagram of a decarbonization tower.
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Figure 5. Physical Diagram of Decarbonization Tower, Model 6135.

5. Experimental Results and Analysis

The test was selected 6135G128ZCa marine diesel engine based on 90% load operation, configured

with 2 mol/L NaOH solution, the flow rate of exhaust gas into the decarburization tower was controlled

by adjusting the three-way valve to be 500Nm3/h, 750Nm3/h and 1000Nm3/h, and the flow rate

of lye was controlled by the drug pump to be 0.5Nm3/h, 1Nm3/h, 2Nm3/h. The CO2 uptake rate

calculated according to equation (3) is shown in Table 2.

Table 2. Experimental data.

Gas flow rate/Nm³·h-1 Liquid flow rate/ m³·h-1 Liquid-to-gas ratio absorption rate/%

500 0.5 1 55.84
500 1 2 73.99
500 2 4 81.59
750 0.5 0.67 35.63
750 1 1.33 45.27
750 2 2.67 61.51

1000 0.5 0.5 25.61
1000 1 1 35.07
1000 2 2 53.85

5.1. Influence of Liquid-to-Gas Ratio on Decarbonization Efficiency

As can be seen from Figure 6, under the same conditions of tail gas flow, the decarburization

rate shows an increasing trend with the increase of liquid-gas ratio, in which the decarburization

rate is the highest in the case of tail gas flow rate of 500 Nm3/h and liquid-gas ratio of 4, which is

up to 81.59%; however, with the increase of the liquid-gas ratio, the effect of the liquid-gas ratio on

the decarburization rate gradually decreases, for example, in the case of the tail gas flow rate of 500

Nm3/h, the increase of the liquid-gas ratio from 1 For example, in the tail gas flow rate of 500 Nm3/h,
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the decarburization rate increased by 18.15% from 1 to 2, and the decarburization rate increased by

only 7.6% from 2 to 4. This phenomenon may be due to the following reasons:

(1) Reaction rate limitation: In the decarbonization process, NaOH in the lye reacts with CO2

in the gas phase to produce sodium carbonate. And the liquid-gas ratio in the test is realized by

adjusting the lye flow rate. When the liquid-gas ratio is low, the liquid is more sufficient compared

with the gas phase, and the reaction rate is mainly limited by the mass transfer rate of the gas phase.

Therefore, increasing the liquid-gas ratio can improve the contact degree between the liquid phase and

the gas phase and promote the reaction between CO2 in the gas phase and NaOH in the liquid phase.

However, with the increase of the liquid-gas ratio, the degree of excess of the liquid relative to the gas

phase gradually decreased, and the reaction rate began to be limited by the mass transfer rate of the

liquid phase, resulting in a weakening of the gain in decarburization rate.

(2) Increase in liquid film resistance: with the increase in the liquid to gas ratio, the lye in the

mass transfer process to form the liquid film thickness increases. This will increase the resistance

of liquid-phase mass transfer, slowing down the reaction rate of CO2 and lye in the liquid phase.

Therefore, when the liquid-gas ratio is high, the effect of liquid film resistance on the reaction rate

gradually appears, resulting in a weaker decarburization rate gain.

(3) Droplet collision and separation: In the liquid-gas contact process, the collision and separation

between droplets and gas play an important role in the absorption and reaction of CO2. When the

liquid-gas ratio is low, the collision and separation between droplets is relatively small, which is

favorable to the absorption and reaction of CO2. However, with the increase of the liquid-gas ratio,

the collision and separation between droplets increased, which might lead to some droplets failing to

contact with the gas sufficiently, thus reducing the decarbonization efficiency.

In summary, with the increase of liquid-gas ratio, the absorption rate of CO2 in the tail gas by

the alkaline solution gradually increased, but the limitations of the liquid-phase mass transfer rate

and the collision and separation of liquid droplets gradually appeared, which led to a weakening of

the gain effect of the decarbonization rate. Therefore, when determining the optimal liquid-gas ratio,

factors such as reaction rate limitation and liquid-phase mass-transfer resistance need to be considered

comprehensively to obtain the best decarbonization effect. In this test, the decarburization rate was

highest under the condition of flue gas flow rate of 500Nm3/h, and when the liquid-gas ratio was

greater than 2, the gain effect of liquid-gas ratio on decarburization rate was gradually weakened, so

it can be concluded that the decarburization effect was best at the condition of flue gas flow rate of

500Nm3/h, and the liquid-gas ratio was 2, and it could reach 81.59%.

Figure 6. Influence of Liquid-to-Gas Ratio on Decarbonization Efficiency.
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5.2. Influence of NaOH Concentration on Decarbonization Efficiency

In order to study the effect of NaOH concentration on the decarbonization rate, the tests were

carried out by configuring 1 mol/L and 4 mol/L NaOH solutions respectively under other unchanged

test conditions, and the test results are shown in Figure 7.

As can be seen from Figure 7, in the case of tail gas flow rate of 500Nm3/h and 750Nm3/h, the

higher the concentration of lye, the better the decarburization efficiency, in which in the case of tail gas

flow rate of 500Nm3/h, 4mol/L lye concentration decarburization efficiency is the best, and with the

increase of the liquid-gas ratio, the decarburization rate can reach a maximum of 85.37%; in the case

of tail gas flow rate of 1000Nm3/h, low liquid-gas ratio decarburization rate of 1mol/L and 4mol/L

NaOH solution is the best, and the decarburization rate can reach a maximum of 85.37%. In the case of

the tail gas flow rate of 1000Nm3/h, the decarburization rate under the condition of low liquid/gas

ratio increased with the increase of lye concentration, but when the liquid/gas ratio was more than

1.2, the decarburization rate corresponding to 2mol/L lye exceeded that of 4mol/L lye, and with

the increase of the liquid/gas ratio, the effect of the gain of decarburization rate of 4mol/L lye was

gradually weakened. Therefore, the following conclusions can be drawn:

(1) Within a certain range of NaOH concentration, the higher the concentration of NaOH, the

better the decarbonization effect; NaOH is an alkaline substance, which dissociates into hydroxide ions

(OH-) and sodium ions (Na+) in aqueous solution. These hydroxide ions are alkaline and can provide

more alkaline active sites. During decarbonization, carbon dioxide reacts with hydroxide ions to form

carbonate ions, which results in decarbonization. Therefore, increasing the NaOH concentration will

provide more alkaline sites and increase the chance of carbon dioxide absorption and reaction, thus

improving the decarbonization rate.

(2) The gain effect on the decarbonization rate is gradually weakened by too high a NaOH

concentration; within a certain concentration range, increasing the NaOH concentration can improve

the mass transfer rate of carbon dioxide and promote the decarbonization reaction. However, when

the NaOH concentration is too high, the mass transfer process may no longer be the rate-limiting factor

for the decarbonation reaction, and the high viscosity coefficient of the high-concentration NaOH

solution is unfavorable to the gas-liquid mixing reaction, so the decarbonation rate could not be further

improved even if the NaOH concentration was increased.

Under the comprehensive consideration of the supply of alkaline active sites, mass transfer rate

and decarbonization rate, 1 mol/L NaOH solution corresponded to a low decarbonization rate, and

4 mol/L NaOH solution was too high in drug cost; only 2 mol/L NaOH solution could take into

account of the multiple alkaline active sites and the high mass transfer efficiency to achieve the high

decarbonization rate, and therefore, the optimal concentration of NaOH is 2 mol/L.
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Figure 7. Effect of NaOH Concentration on Decarbonization Efficiency.

6. Conclusions

In the paper, alkaline NaOH solution is utilized to absorb CO2 in ship’s exhaust gas, and a simple

and practical 6135G128ZCa marine packing decarbonization tower is designed based on the marine

6135G128ZCa engine for testing, and its decarbonization efficiency can reach up to 81.59%, and the

following conclusions can be obtained through this study:

(1)The method of utilizing NaOH solution to absorb CO2 in ship exhaust gas is feasible, which

can effectively reduce the emission of CO2 from ships and satisfy the EEDI index specified in IMO.

(2)With the increase of liquid-gas ratio, the absorption rate of CO2 in the flue gas by alkaline

solution is gradually increased, but the liquid-gas ratio and the absorption rate of CO2 are not

proportional to each other, and the limitations of the liquid-phase mass transfer rate and droplet

collision and separation gradually appear, resulting in a weakening of the gain effect of decarbonization

rate.

(3) Within a certain range of NaOH concentration, the higher the NaOH concentration, the better

the decarbonization effect; too high a concentration of NaOH on the decarbonization rate of the gain

effect gradually weakened.

(4)The decarburization test was carried out by using a marine 6135G128ZCa packed

decarburization tower, and the decarburization effect was best under the conditions of 2 mol/L

NaOH concentration, 500 Nm3/h flue gas flow rate, and a liquid-to-gas ratio of 2.
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