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ABSTRACT 

International shipping is one of the most important international transport 

means, with ships transporting 90% of international trade. Ships usually use 

internal combustion engines and boilers for propulsion, electricity generation, 

and various activities onboard, which produce three of the most important 

pollutants; sulfur oxides, nitrogen oxides, and unburned hydrocarbons, 

especially methane. Finding solutions to gaseous pollution has become an 

urgent need, which prompted the International Maritime Organization (IMO) 

to issue several regulations and guidelines to reduce gaseous pollution, after 

the clarity of its negative effects on the climate and the health of living 

organisms. IMO presented three ways that would improve the environmental 

conditions, and left the choice of compliance method to ship owners to choose 

according to their working zones; either the use of low-sulfur fuels in certain 

degrees according to the sailing area, the use of alternative fuels, or the use 

of the exhaust gas cleaning systems (EGCS), to remove the pollutants from 

the exhaust before it is released into the atmosphere. This research used three 

mixed methods to analyse the potential use of EGCS: First, using scrubbers 

to remove sulfur and nitrogen oxides from the exhaust gases was explored 

using a literature survey on this topic. Second, the potential for EGCSs, using 

selective non-catalytic reduction, was investigated using a chemical kinetic 

modelling study simulating the chemical reactions taking place in the reactor 

at representative conditions of temperature, pressure, and exhaust gas 

composition. The simulations showed that it could reduce nitrogen oxides by 

over 97% as long as it could keep the exhaust gas temperature above 750 

Celsius. The selective non-catalytic reduction was considered because of its 

attractive economic advantages to stakeholders, as well as compelling 

environmental benefits, ease of operation, and resistance against conditions. 

Ships can use selective non-catalytic reduction to remove nitrogen 

compounds in addition to treating methane associated with the use of natural 

gas as fuel. Although selective non-catalytic reduction technique requires to 
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exist ammonia and a temperature higher than the exhaust temperature to 

achieve high efficiency in the removal of nitrogen oxides, it is considered a 

suitable solution for those ships that are rarely sailing at the emissions control 

areas, especially the supplementary heat can be obtained through an external 

burner. Third, the oxidation of methane slip emanating from LNG-powered 

engines was evaluated by simulating the chemical kinetics of methane-

oxidation catalysts as EGCS. This was done by simulating the chemical 

kinetics of gas-phase and surface reactions using a chemical-kinetic 

simulation. It was observed that high methane oxidation efficiencies over 

98% were achieved within a range of temperatures of about 200 Celsius. 

Keywords: Sulfur, Nitrogen, Methane, GHG, Environment, IMO, EGCS and 

Ships.  
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CHAPTER I 

INTRODUCTION 

 

1.1- Background 

As a normal result of the remarkable increase in population, the demand for 

international trade is growing, which is often, transported across seas and 

oceans, so the concerns of organizations and bodies concerned with the 

environment and public health increased because ships are considered a 

source for all kinds of pollution, especially gaseous, which is the subject of 

this research. The severity of the impact of gaseous pollutants depends on 

their proximity to places sensitive to their effects (Miola et al., 2010). 

Although ships emit their exhaust at the open seas away from cities, the 

exhaust can move with the wind for tens of miles (Viatte et al., 2020). In 

addition to, the pollution caused by the ports that were built to import and 

export goods (Miola et al., 2010). The use of fossil fuels in all these activities 

led to great achievements after it was discovered, and invent the internal 

combustion engines compared to steam engines. It saved many efforts, time, 

and money for ship owners and merchants, but it has caused insomnia for 

many environmental, and health scientists based on differences in the 

viewpoints of both teams despite the similarity of their goals, which is to serve 

humanity. This difference led to a struggle to determine priority, especially 

since environmental and health scientists found that the smoke of power 

plants contains large percentages of oxides of sulfur and nitrogen as well as 

carbon particles, which are a source of many diseases and environmental 

damage. International Maritime Organization, as an organization specialized 

in maritime affairs; took the initiative with some other governmental and non-

governmental bodies and organizations, to put forward a number of 

regulations and restrictions on ships to follow. In order to preserve the 

environment and human health, especially after the change in the climate 
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represented by global warming as well as the rise of seawater, which threatens 

a number of coastal cities.  

For decades, flue gases have been released into the atmosphere without 

treatment neither concern regarding environmental pollution and climate 

change, nor taking into account the diseases that these gases cause for humans 

or other living organisms. Due to the obvious negative impact of sulfur and 

nitrogen components on the life of living organisms and Carbon emissions on 

the ecosystem. This topic has had the large attention of educational 

organizations and institutions by encouraging scientific researches and 

studies to develop development plans and make them more efficient (Acciaro, 

2014). Recently, the discharge of these gases has increased in conjunction 

with industrial development and the increasing human needs for those 

industries (Bal et al., 2015). The maritime sector, ships, and ports, is one of 

the sources of gaseous pollution, because of usage of internal combustion 

engines and steam boilers frequently, either to generate electricity or to propel 

ships at open seas and for tugs, support boats for mooring and unmooring 

operations in ports as well as to run the equipment (Wei et al., 2020). Exhaust 

gas of internal combustion engines and boilers consists of a number of gases; 

CO₂, NOx, SOx, CO, hydrocarbons, and particulate matter plus methane in 

LNG-powered engines (Eyring, 2005; Le Fevre, 2018). The percentage of 

presence of each pollutant varies and depending on the type of engine, fuel 

type, operating conditions surrounding the engine, such as engine room 

temperature and engine load (EGCSA, 2012, pp. 6-7). 

Exhaust gas components are usually divided into two parts:  

● Air pollutants; include compounds of SOx, NOx, CO, unburned 

hydrocarbons (UHC). 

● Greenhouse gases (EGCSA, 2012, pp. 6-7). 
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Certainly, all of them are harmful to the ecosystem; either on life-organisms 

causes health problems and premature death, and environmental problems 

such as acid rain or causes climate change (Corbett et al., 2007). 

Although the proportion of carbon dioxide pollution from ships is low, 

considered an indicator of all emissions, accounting for approximately 2.6% 

of global pollution (Cames et al., 2015). The 2015 Paris Agreement did not 

cover it. Still, the task was entrusted to the International Maritime 

Organization (IMO) as a designated UN body to take the necessary measures 

to reduce gaseous pollution (Rehmatulla et al., 2017). Therefore, new 

measures regarding SOx and NOx have been imposed through the IMO 

initiative strategy of 2018. IMO left the option to comply with regulations for 

ship owners by following a method that suits them, one of those methods is 

the use of exhaust gas cleaning systems EGCS (Jiang et al., 2014). EGCS is 

a system installed on an exhaust pipe to catch the SOx, NOx, CH₄, and 

particulate matter PM. Axiomatically, like any technology, EGCSs usage 

involves many technical and operational problems. For example, the lack of 

continued effectiveness, the resistance of the structure of the system to the 

chemicals passing through it, especially if the chemicals have a high flow rate 

and temperature. In addition, the system's needs for raw materials, the 

availability of these materials. As well as required energy for operation, 

maintenance is needed to maintain high efficiency such as the time required 

to clean the injectors or to clean the sludge tank. Moreover, the possibility of 

its operation by those who work on it, the chemical wastes that are 

accidentally produced because of work and methods of disposal, the costs 

involved in all these obstacles and problems (Zhang et al., 2012). Thus the 

competitiveness of the system in general. 
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1.2-  Problem statement 

As a normal result of the growing population and the increasing demand for 

international trade, where 90% of which is transported by sea (Zhao et al., 

2020; Otheitis & Kunc 2015). Mainly, ships use low-speed engines for 

propulsion and medium-speed engines to generate electricity as well as oil-

fired boilers to generate steam. All of these engines and boilers are run by 

high or low sulfur fuel. Generally,  SOx, generated from the burning of sulfur 

in fuel, while NOx is generated from reaction N2 with O2 in the air but 

strongly depends on combustion temperature in engine units, about 90% of 

NOx in the exhaust gas is NO, as for particulate matters (PM) is resulted 

according to engine condition and fuel specification (Zhou & Wang 2020). 

As for methane, it is associated with the use of natural gas as a fuel; it slips 

either due to the presence of enclosed spaces that combustion does not reach, 

because of the overlap of open valves, or because incomplete combustion 

(Lighthouse, 2020). 

Sulfur and nitrogen compounds are considered hazardous substances to health 

because their emissions are a major cause of lung, heart, and skin diseases in 

addition to many types of cancer (Singh et al., 2020; Sofiev et al., 2018; 

Macagnano et al., 2015). As well as, its impact on the environment, it causes 

acid rain (Jiang et al., 2014). Therefore, an urgent need arose; either to use 

fuels that do not contain sulfur or to innovate a new technology to clean and 

treat the exhaust gas before it is released into the air. That encouraged the 

production of low-sulfur fuel while nitrogen compounds remained 

unresolved; in addition, a new problem appeared with using alternative fuels 

like methane slip that accompanied LNG use, which is considered one of 

global warming, causes (Schneiter, 2019). That prompting manufacturers to 

design systems for cleaning exhaust gas from those compounds. 

The ways to dispose of these various pollutants require two separate devices. 

The separate devices are costly and need a large space for their installation, 

in addition, the energy required to operate them and the subsequent 
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maintenance, operation, and spare parts. Finding a solution for this dilemma 

by innovating a technology or method to control both SOx and NOx together, 

is of great importance (Ding et al., 2014). The use of wet oxidation can 

achieve the goal, by releasing OH radicals from some oxidants such as urea 

CO(NH2)2 , H2O2 or urea peroxide (CO(NH2)2.H2O2) over surfaces that 

play the role of catalyst such as hematite. This will lead to high removal 

efficiency, by small space and low cost. The removal of SOx will be almost 

100%, but the removal of NOx is dependent on the decomposition process of 

oxidants (Ding et al., 2014). Therefore, the choice of oxidizer, control of the 

degree of oxidation of (NO), and inhabitation of nitrate are the most important 

problems of simultaneous cleaning (Zhou & Wang 2020). 

1.3- Aims and objectives 

The main aim of this research is to reduce the amount of sulfur oxides and 

nitrogen oxides in the atmosphere that are released from international 

shipping, in addition to treating the methane slippage released from ships 

powered by LNG. We will try to achieve the desired goal by using an exhaust 

gas cleaning system with the lowest operational cost and highest possible 

efficiency.  

Due to the aforementioned reasons, it is necessary to collect information 

about typical operational conditions of ships in order to identify how the 

emissions resulting from them can be reduced if they use fossil fuels or 

liquefied natural gas. This work identifies proven methods for SOx reduction 

from literature and investigates potential ways of reducing NOx and methane 

emissions from exhaust gases using simulations. SOx reduction methods have 

been sufficiently covered by the researchers and implemented by industry in 

the wake of global IMO sulfur regulations from 2020 onwards. This work 

will therefore focus on studying the selective non-catalytic reduction of 

nitrogen emissions as well as methane slipped that accompanies the use of 
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LNG. We will take Algerian passenger ships as research samples as they use 

dual-fuel engines from Wärtsilä.  

 

1.4- Research questions 

 How much the maritime sector generates emission annually and how 

much percentage of global missions? 

 How much EGCS could offer to the maritime sector to save on 

emission? 

 Which onshore industry could benefit from applying EGCS 

technology in addition to international shipping? 

 What is the main problem in using EGCSs?  

 What is the best solution for this problem that could apply instead of 

using a scrubber or low sulfur fuel? 

 To what extent do the exhaust specifications after the use of EGCSs 

comply with IMO standards? 

1.5- Methodology 

Data were collected through previous researches papers and science articles 

by google scholar and WMU library as well as from official websites of 

manufactures, organizations such as IPCC, IMO, UNFCCC, and the official 

site of Algerian National Company of Maritime Transport of Travelers. The 

data was analyzed and developed through the simulation, and the creation of 

a Python program to facilitate obtaining more accurate and realistic results. 

1.6- The scope of the research 

The paper will explain the role and advantages of exhaust gas cleaning 

systems and the associated operational problems, then demonstrate the 
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suitability of the results with IMO requirements. The research will not address 

the financial costs due to the lack of information in literature, and to avoid 

distracting the search in multiple directions. It will focus on the efficiency of 

removal and operational problems selective non-catalytic reduction for NOx 

resulted from ships equipped with medium or high-speed engines in addition 

to CH₄ resulted from LNG powered spark engines.  
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CHAPTER II 

LITERATURE REVIEW 

 

DESIGN OF EGCSs AND PRINCIPLE OF SCRUBBING PROCESS 

OF SOx, NOx, AND CH₄ 

 

2.1- Introduction 

Gaseous emissions from ships in places of congestion, such as ports, straits, 

and canals, are large if compared to other means of transportation, and their 

harmful effects increase when using high sulfur fuels. Given the damage that 

these emissions pose to living organisms, especially humans, the IMO has set 

out to implement regulations that specify the maximum sulfur content in 

marine fuels by 0.5% globally and 0.1% in sulfur Emission Control Areas 

(SECA) (Ji et al., 2020; Thor et al., 2021)., to reduce their negative impacts. 

Moreover, IMO has also allowed the use of exhaust gas cleaning systems (so-

called scrubber), to remaining on the use of high sulfur fuel for those who 

wish to do from old ships, with severe recommendations for dealing with 

effluents wash water. 

Washing water from exhaust gas scrubbers is characterized by high acidity, 

as it contains zinc, copper, vanadium, nickel, naphthalene, and fluorine in 

high Concentration. It caused a clear decrease in water pH in addition, an 

increase in surface water concentrations, for example, naphthalene and 

vanadium 189% and 46%, respectively (Teuchies et al., 2020).  

An exhaust gas scrubber is a space in which, water is sprayed on the exhaust 

gas by nozzles before it is released into the atmosphere. It is possible to use 

one scrubber for more than one engine or exhaust source through multiple 

inlets, and then there must be a mechanism to separate the sources so that the 

exhaust does not stream to the ineffective source. Through this scrubbing 

process, the exhaust gas will be clean of sulfur oxides and some carbonaceous 
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combustion residues. In addition to, nitrogen oxides can remove, if a specific 

catalyst is used, to convert (NO) which is insoluble in water to (NO2) that can 

be easily dissolved in water. This results in chemically polluted wash water, 

which is more toxic than some marine pollutants which most common in 

maritime, such as crude oil (Thor et al., 2021). 

Figure -1- Basic components of scrubber 

       (EGCSA, 2012, pp. 36) 

 

 

2.2- Scrubbing of sulfur oxides 

 

2.2.1- Types of scrubbers  

There are many designs of scrubbers and they all come together in one 

function figure -2-, which is to remove sulfur and nitrogen compounds and 

carbon particles from the exhaust gas. 
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Figure -2- Types of scrubbers 

 

(Lahtinen, 2016) 

 

In general, it is divided into two types; wet and dry, each type has special 

features and different removal efficiency. Table -1- show the efficiencies of 

each type based on emission. 

Table-1- Removal efficiency of different types of scrubbers  

  
Source: (Zhang, 2019) 

 

2.2.1.1- Dry scrubbers 

The combustion processes, produce exhaust gases containing sulfur dioxide 

and hydrogen chloride, which must be disposed of to comply with 

environmental standards. Dry scrubbers are usually used for this purpose, it 

is a modern mechanism, mostly uses calcium hydroxide Ca(OH)₂ as known 

Polutant Dry
Open-loop 

(Sea water)

Closed-loop 

(Fresh water)
Hybrid

SOx 99% 90-95% 99% 98-99%

Nox No change 3-7% 3-7% 3-7%

PM 85% 80% 30-60% 80%
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slaked lime (Helfritch & Feldman, 1984; Stein et al., 2002; Tran, 2017) as 

shown in figure -3-. 

 

Figure -3- Couple Systems dry SOx scrubber for marine use 

 
(Lloyd`s Register, 2015, pp. 27) 

Dry scrubbers are of limited use in the marine sector, the reason is their high 

need for solid materials of alkaline nature, especially with high mole fractions 

of SO₂ (1000-2000 ppm) in flue gas (Helfritch & Feldman, 1984).  

Reaction results also contain non-reactive quantities of oxidizing materials. 

Therefore, to increase the efficiency of dry scrubbers, extra oxidizing 

materials are required. 

The chemical reactions process is represented by the following equations:  

i. SO₂ + Ca(OH)₂  → CaSO₃ + H₂O 

ii. CaSO₃ + ½O₂ → CaSO₄             

iii. SO₃ +Ca(OH)₂ →CaSO₄ + H₂O                (Tran, 2017) 

iv.  CO₂ + Ca(OH)₂ → CaCO₃ + H₂O        (Helfritch & Feldman, 1984) 

v. 2HCl + Ca(OH)₂   → CaCl₂ + 2H₂O   (Stein et al., 2002).  
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The removal process in this type of scrubber depends on the contact of the 

exhaust gases with calcium hydroxide (Ca(OH)₂) inside a reactor whose 

pressure is under control. The reactor space is characterized by severe 

turbulence in the movement of the exhaust gas, and this is a contributing 

factor to the interaction. In addition, the high speed that may reach 3-5 m/sec 

pushes the reaction products out. Nitrogen components, which are not 

affected in the spray reactor, will be oxidized to form nitric acid as vapor 

(Helfritch & Feldman, 1984). Then the mixture enters the multi-cyclone 

space, which working by centrifugal force to sort out the large particles, and 

then the gas passes through soft fabric filters to remove the fine particles. The 

products of removal from large and fine particles transferred through a 

vibrating belt that separates the impurities transport it to designated 

containers, while the materials that can reactive returned to the reactor. The 

effectiveness of the electronic beam reactor depends directly on the radiation 

intensity, temperature, and humidity of the mixture of gas; it is proportional 

with the beam and humidity and inversely proportional with the temperature. 

(Kaiser et al., 2000). 

2.2.1.2- Wet scrubber types 

As for wet scrubbers, they use either seawater (open loop) or fresh water with 

chemical additives (closed-loop), for removing sulfur compounds and 

particles, moreover in hybrid type; both kinds of water are used together. 

All types of wet scrubbers have basic common characteristics such as: 

- Providing close contact between the water and the exhaust gas, 

taking into account not to obstruct the flow of the exhaust gas 

to prevent the occurrence of backpressure on the engine or the 

boiler, and this issue carefully considered with boilers. 

- Due to the noticeable decrease in the exhaust temperature after 

wet scrubbers, they must be installed after waste heat recovery 

systems (WHR). 



13 
 

- It is possible to use scrubbers as silencer and sparks catcher. 

- Wash water treatment plant must be installed after scrubbers 

and before releasing water overboard. 

- Residues of washing water must be retained on board ship, 

then delivered at the ports and not burned by ship incinerator. 

- The scrubbers can receive the exhaust gases from more than 

one source, considering that the exhaust does not return to the 

non-working units and the wash-water treatment plants, as it 

can work for more than one scrubber (EGCSA, 2012, pp. 35). 

- Open-loop scrubber shown in figure -4- 

Briefly, "Open-loop" scrubbers use seawater directly to clean the exhaust gas, 

taking advantage of the chemical composition (the natural alkalinity) of 

seawater to neutralize the acidic sulfur compounds, where seawater is passed 

through the exhaust gas, then partially treated, and then released to the sea 

again. This type of scrubber needs about 45 cubic meters of seawater to 

produce one MW-h when using fuel with a sulfur content of 2.7% (Tran, 

2017; EGCSA, 2012, pp. 37).  
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Figure -4- Open-loop scrubber 

(Lloyd`s register, 2015, pp. 19) 

Usually, sulfur oxides in exhaust gases from ships are in the form of sulfur 

dioxide (SO2) with a very small percentage of sulfur trioxide (SO3). Seawater 

is pumped and sprayed inside the reactor to mix with the exhaust gas without 

obstructing its flow to avoid the formation of backpressure on the combustion 

units especially boilers. Because of this close mixing, sulfur dioxide and 

trioxides reacts with alkaline seawater due to the presence of salts in it, 

resulted hydrogen sulfate and sulfuric acid respectively, according to the 

following chemical equations: 

i. SO₂ + H₂O ↔ H₂SO₃  

ii. SO₃ + H2O ↔ H₂SO₄      (EGCSA, 2012, pp. 40) 

Then the reaction products will react with salts of seawater (CaCO₃ or 

Na₂CO₃), to form the sulfate according to the following chemical equations: 

i. H₂SO₄ + Na₂CO₃ → Na₂SO₄ + CO₂ + H₂O 

                            Na₂SO₃ + ½O₂ → Na₂SO₄ 

ii. H₂SO₄ + Na₂CO₃ → Na₂SO₄ + CO₂ + H₂O      (Tran, 2017). 
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Sulfuric acid is neutralized by the alkalinity of seawater because of the 

bicarbonate it contains. However, the ionization of sulfur dioxide to sulfate 

quickly decreases as soon as the pH drops after consuming part of the initial 

buffering capacity and the effectiveness of the whole washing process will 

decrease. It is worth noting, is the high speed of reaction of sulfur trioxide 

with water, which produces sulfuric acid, which is also highly attractive to 

water. According to the above, scrubbers are effective in isolating or 

neutralizing most of the components, especially when the water flow 

increases and lowering its temperature in order to the solubility of SO₂ will 

increase. The total efficiency of open-loop scrubbers is closely related to the 

chemistry of the water in which the ship operates, as alkalinity is a pivotal 

factor (Sharif et al., 2021). 

- Closed-loop scrubber shown in figure -5- 

Freshwater is often used in this type of scrubbers (with the possibility of using 

seawater) after adding some alkaline substances such as sodium hydroxide, 

to neutralize and remove sulfur compounds. Washing water is recirculated 

several times after making up for the lack of quantity or alkalinity. The water 

recirculation rate in this type is much lower than that of "open-loop", which 

is estimated at 20 cubic meters per MW-h. Typically, part of the washing 

water is released to the sea after being treated; the amount released outside is 

estimated by 0.1 to 0.3 cubic meters per MW-h. In addition to, a holding tank 

may be used to reduce the subtraction process and compensation in the 

amount of water and additives (Tran, 2017; EGCSA, 2012, pp. 38). 
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Figure -5- Closed-loop scrubber 

(Lloyd`s register, 2015, pp. 19) 

Scrubbing is based on neutralizing the acidity of the exhaust gases by the 

alkalinity of the washing water, so maintaining alkalinity is very important. 

Since closed-loop scrubbers use a circulating fresh water, therefore an 

alkaline substance must be added, to perpetuate the reaction. The chemical 

reaction is summarized by; first, the sulfur dioxide produced by combustion 

dissolves in water results bisulfite:  

SO₂(aq)+H₂O(l) ↔ HSO₃ˉ(aqua sol)+H⁺(aqua sol)    … (Lahtinen, 2016) 

The equilibrium of this process depends on several factors such as the 

concentration of SO₂ in the wash water, the partial pressure of SO₂, the 

temperature of the reaction, and the enthalpy of the mixture. Therefore, the 

use of fresh water in closed-loop scrubbers is not much different from using 

seawater in open-loop scrubber, except adding some alkaline chemical 

solutions due to the lack of freshwater for this feature (Lahtinen, 2016). 

Sodium hydroxide is often used in marine exhaust scrubbers, which has the 

chemical formula NaOH, known as caustic soda. Caustic soda is available in 

50% liquid form that makes it easy to mix with water (Tran, 2017). Second, 

after adding soda to water, Na and OH ions are produced.  
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NaOH(s) + H₂O(l) ↔ Na⁺(aq) + OHˉ(aq) + H₂O(l)    ………..(Lahtinen, 2016) 

The chemical reactions will occur in two different directions but their results 

are similar. It reacts with sulfur dioxide, forming a mixture of sodium sulfite, 

sodium bisulfite, and sodium sulfate based on their acidity (pH). As for it 

reacts with sulfur trioxide, is through its interaction with sulfuric acid, which 

resulted from the reaction of sulfur trioxide with, water that producing 

Sodium sulfates as well, as shown in the following equations: 

Sulfur dioxide reactions 

NaOH +SO₂ ↔ NaHSO₃ 

2NaOH + SO₂ ↔ Na₂SO₃ + H₂O 

2NaOH + SO₂ + ½O₂ ↔ Na₂SO₄ + H₂O         

Sulfur trioxide reactions 

SO₃ + H₂O ↔ H₂SO₄ 

2NaOH + H₂SO₄ ↔ Na₂SO₄ + 2H₂O                       (EGCSA, 2012, pp. 41) 

The alkalinity of sodium hydroxide enables the washing water to reduce the 

flow rate to about 20 cubic meters per MW-h, and this is less than the flow 

rate when using seawater by 55%, so the use of freshwater reduces pumping 

power as well as the rate of discharging overboard. On the other hand, this 

system needs a cooler that maintains the temperature of the water in addition 

to renewing the water's capacity for oxidation (EGCSA, 2012, pp. 41). 
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- Hybrid scrubbers shown in figures -6a, 6b- 

This type of scrubber includes both closed and open loops simultaneously, 

where seawater (with high alkalinity) is used in the open-loop, while the 

freshwater used in closed-loop with alkaline chemical additives are used 

when the alkalinity of seawater is low at the inlet (Tran, 2017; EGCSA, 2012, 

pp. 38). 

Figures -6a- Open-loop mode of hybrid scrubber 

 
(Lloyd`s register, 2015, pp. 21) 

Figure -6b- Closed-loop mode of hybrid scrubber 

 
(Lloyd`s register, 2015, pp. 21) 
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- Washing water treatment 

After the washing water leaves the reaction space with the exhaust gas, 

directed to enter into a spiral cylinder to isolate the particles by centrifugal 

force. So the water carrying the particles will circulate near the circumference 

(because it is the heaviest) and be directed through the grooves to exit by the 

bottom hole, while the water free of particles (the lightest) will be in the center 

of the cylinder and allowed to leave from the top opening as shown in figure 

-7- 

Figure -7- Hydro-cyclone scheme 

 

(EGCSA, 2012, pp. 47) 

Wet scrubbers mainly depend on the chemistry of the wash water, whether it 

is freshwater or seawater (Lahtinen, 2016). The salinity of water of seas varies 

in accordance with region, like low salinity existing in the Baltic Sea 

(brackish) while hypersaline water exists in the Dead Sea (Kukkonen, 2019). 

Therefore, the wash water flow rate needs to be controlled based on the type 
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of loop of scrubber (Endres et al., 2018). Moreover, alkaline substances such 

as sodium hydroxide need to be added when the alkalinity of seawater 

decreases or when freshwater is used; to avoid the lack of effectiveness of 

scrubbers (Tran, 2017). Furthermore, alkalinity is necessary to neutralize the 

acidity produced due to the dissolution of sulfur compounds in water 

(EGCSA, 2012, pp. 46). The solubility of sulfur compounds in the wash water 

is also affected by the water temperature, as a higher temperature reduces the 

solubility of SO₂ in water. The solubility of sulfur compounds is essential for 

the function of wet scrubbers, in addition, it leads to a reduction in the pH of 

the washing water to about 3 (Endres et al., 2018). Because wash water is the 

working fluid of the scrubber, it must be free of suspended particles (Endres 

et al., 2018). Moreover, to be treated against chemical changes which 

resulting from the reactions when it is necessary (Kukkonen, 2019). For 

example, the pH should not be less than 6.5 within 4 meters from the point of 

discharge to the sea, or the difference between the inlet and outlet pH not be 

more than two pH units during maneuvering or crossing (ABS, 2018). These 

regulations are set out to preserve the ecosystem when using open-loop 

scrubbers because washing water is more toxic than common pollutants (Thor 

et al., 2021). In addition, it must be re-effective before can recycle it in closed-

loop scrubbers. Usually, as the first stage of wash water treatment, most 

scrubbers use centrifugal force to separate the impurities and suspended 

particles in the washing water and collect them in a dedicated tank (EGCSA, 

2012, pp. 46). Moreover, in open-loop systems, the concentration of the 

remaining water is also diluted by mixing it with fresh seawater. For example, 

mix with the outlet of engine cooling before it is released into the sea. As for 

closed-loop systems, wash water is reactivated by adding alkaline substances 

such as sodium hydroxide after the suspended particles are separated. Finally, 

the sludge collected through the separation mechanisms is handed over to the 

port facilities, and neither is discharged overboard nor burned by ship 

incinerator (US EPA, 2011).  
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2.3- Scrubbing of nitrogen oxides 

The removal of nitrogen oxides (NO and NO₂, which are typically grouped 

under the common term NOx) simultaneously with the removal of sulfur 

compounds by a single device is the most difficult challenge (Zheng et al., 

2014; Ding et al., 2014). At the same time, the use of two technologies 

simultaneously for the ship has many negative consequences such as the 

difficulty of operation and maintenance, increased operational costs, or the 

additional size and weight that replaces the cargo that is supposed to be 

transported by the ship (MAN Diesel & Turbo, 2011, pp. 5) . 

Among exhaust nitrogen oxides, 90-95% of nitrogen takes the form (NO), 

which is insoluble (Ryu et al., 2020; Zhao et al., 2016). Therefore, it must be 

either oxidized to a higher valency, such as NO₂ or HNO₂ to increase its 

solubility in wash water -wet oxidation absorption process- (Liu et al., 2012)., 

or reduced by a reducing agent to N2 -selective catalytic reduction SCR- 

(EGCSA, 2012, pp. 16). Therefore, the designers devoted continuous efforts 

to developing scrubbers, achieving environmental standards and protect the 

ecosystem. Furthermore, the task would be more challenging if mercury also 

was a target for removal. For example, removal of sulfur compounds using 

sodium hydrochloric NaClO as an oxidant is achieved whenever the pH of 

sodium hydrochloric is increased, while the maximum efficiency of removing 

nitrogen compounds and mercury when the pH is ranging from 4 to 6 (Byoun 

et al 2019). 

2.3.1- Selective Catalytic Reduction SCR 

SCR that transform NOx to N₂ and H₂O, through a catalytic surface and 

reducing agent like ammonia that can be found from disintegration of urea 

CO(NH₂)₂, that sprayed in exhaust stream (Lloyd`s Register, 2015, pp. 34). 

The removal efficiency of SCR is proportional to exhaust temperature. 

Therefore, slow-speed engines still limited use for the SCR, thus is often 

placed before any WHR systems and after the turbocharger as the highest 



22 
 

temperature position of the exhaust gas and sometimes an external heating 

element is used to increase the catalytic efficiency. Moreover, marine 

applications sometimes contain a silencer to save the place and weight. The 

urea solution combines with the water of exhaust and the injected solution, 

releasing ammonia, which reacts with the nitrogen compounds emitted with 

the exhaust at the catalytic surface to produce nitrogen and water via the 

following mechanism.  

 

Decomposition of urea: 

- CO(NH₂)₂ → NH₃ + HNCO 

- HNCO + H₂O → NH₃ + CO₂           

Reaction with NOx 

- 4NO + 4NH₃ + O₂ → 4N₂ + 6H₂O  

- 2NO + 2NO₂ + 4NH₃ → 4N₂ + 6H₂O 

- 6NO₂ + 8NH₃ → 7N₂ + 12H₂O                 (EGCSA, 2012, pp. 65) 

Removal efficiency of NOx via SCR can reach to 95% especially when 

used for medium or high-speed engine (Yang et al., 2012). 

2.3.2- Oxidation of NO to NO₂ for water absorption 

The Oxidation of process, that converts NO to higher valence by the hydroxyl 

radical •OH which can be provided from the decomposition of some oxidants 

like Hydrogen peroxide H₂O₂ (Ibrahim, 2016)., sodium persulfate Na₂S₂O₈ 

(Khan & Adewuyi, 2010), sodium hypochlorite NaClO (Byoun et al 2019), 

in conjunction with using many kinds of iron catalysts such as Fe, Fe-Al and 

Fe-Ti (Huang et al., 2015). Despite many catalysts being effective for NOx 

reduction, some of them are typically excluded due to their tendency to 

produce toxic products like ClO₂ while others may be too expensive. 

Moreover, the presence of Cl¯ in wash water is considered the main cause of 

corrosion in scrubbers (Zhou & Wang, 2020). Typically, the removal 

efficiency by the oxidation-absorption process for SOx reaches 100%, while 
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the oxidation of NO depends on the decomposition of the oxidizer agent 

(Ding et al., 2014). 

The reaction mechanism of oxidation by H₂O₂ as following: 

- H₂O₂ → 2OH  

- ·OH + H₂O₂ → H₂O + HO₂ 

- HO₂ + NO → NO₂ + ·OH        (Ibrahim, 2016) 

While, the reaction mechanism of oxidation by ClO₂ as following: 

- NO + ClO₂ → NO₂ + ClO 

- NO + ClO → NO₂ + Cl         (Ibrahim, 2016) 

2.3.3- Selective Non-Catalytic Reduction (SNCR) 

The SNCR technology basis on spreading a reagent such as ammonia or urea 

in the exhaust duct to react with NO and convert it to N2 and water (Zhou & 

Wang 2020), which can be released into the atmosphere as air components. 

The reaction, of course, is affected by many factors, the most important of 

which are the temperature and the time the materials remain in the reaction 

space. In addition to the reagent distribution method, the concentration of 

CO/O2 and the type of fuel, and the nature of the combustion that generates 

the exhaust. The optimum temperature of the reaction ranges from 870 °C to 

1320 °C. The reagent or reductant agent can react with most of the 

components of the exhaust according to the ambient temperature, therefore 

the temperature is considered the factor through which it is possible to control 

and guide the course of the reaction and by which the reaction is considered 

selective (Sorrels et al., 2019). 
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Figure -8- Schematic of the SNCR 

 

(Miller, 2017) 

The mechanism of SNCR reactions summarizes in one of the following two 

formulas, depending on the type of reagent, ammonia or urea, both of which 

react with nitrogen oxide and reduce it to nitrogen and water as shown in the 

following equations. 

 

- In the case of ammonia 

2NO + 2NH₃ + ½O₂ → 2N₂ + 3H₂O 

2NO₂ + 4NH₃ + O₂ → 3N₂ + 6H₂O 

- In the case of urea 

2NO + CO(NH₂)₂ + ½O₂ → 2N₂ + CO₂ +2H₂O 

2NO₂ + 2CO(NH₂)₂ + O₂ → 3N₂ + 2CO₂ +4H₂O        (Sorrels et 

al., 2019) 

 

2.4- Addressing methane slip 

In line with the expanding use of LNG in the various sectors, including 

maritime transport, where the percentage of ships operating with LNG 

became 13.5% of the global fleet in 2018 (Le Fevre, 2018). Stakeholders are 

concerned about methane slippage associated with the use of LNG. There are 

no regulations regarding typical or acceptable values for unburned methane 

leakage when LNG is used as a fuel. However, most companies pay attention 

to methane slips by its role in global warming. Methane is described as one 

of the most important factors of global warming (Schneiter, 2019). In fact, its 

effect is higher than the effect of carbon dioxide by 25 times within a century 
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(Lighthouse, 2020). At the same time, the International Maritime 

Organization presents Liquefied Natural Gas as a promising solution and one 

of the most important alternative fuels to meet the requirements of reducing 

air pollution about sulfur and nitrogen compounds (Brynolf et al., 2014). The 

abundance and cheapness of LNG compared with other fuels and meets the 

environmental requirements regarding sulfur and nitrogen emissions without 

techniques or EGCSs. Sulfur content in it is about 0.01%. Thus the emissions 

of nitrogen oxides will be at Tier III when Otto-cycle engines are used 

(Bengtsson et al., 2011). Despite the drawback that accompanies LNG use, it 

is considered one of the preferred types of fuel over traditional marine fuels, 

both environmentally and economically (Lebedevas et al., 2021). Therefore, 

different techniques have emerged to address the problem associated with 

LNG use, which is methane slip. Some of these techniques address the causes 

of the problem, such as adopting a specific operating cycle or determining a 

high air/fuel ratio. In contrast, others adopt after-treatment measures like 

Non-Thermal Plasma technology or catalytic oxidation. Engine 

manufacturers are racing to produce LNG-powered engines that emit as little 

methane as possible. For example, MAN reports that its new high-pressure 

dual-fuel engines involve methane slip of 0.2 - 0.4 g/kWh, while some data 

indicate the existing engines emiting between 0.9 and 7 g/kWh at the 

weighted load of the engine; these amounts become double when the engine 

load is reduced to less than half of the total load (lighthouse, 2020). 
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CHAPTER III 

SIMULATION TEST SETTINGS 

 

Due the SNCR is characterized by low capital and operating costs (Ding et 

al., 2014). This research will study it in-depth, in two directions; remove 

nitrogen components from the exhaust gas of traditional fuels and treat 

methane slippage in the exhaust gas of LNG fuel.  

3.1- Selective Non-Catalytic Reduction of NOx 

A cylindrical plug-flow-reactor using only for gas-phase chemistry has been 

developed with different dimensions, to be used for medium and high-speed 

engines, and for oil-fired boilers. For engines, it should be placed before the 

turbocharger to take maximum advantage of the temperature and pressure. 

Likewise, in boilers; it should be placed directly after the combustion 

chamber for the same cause. The reactor is equipped with ammonia 

atomizer(s) and an external heating element. It needs at least 750 degrees 

Celsius for effective operation, and it can be little more than that according to 

the exhaust mass flow rate. As a result, the reactor can transfer boilers or 

engines designed to meet the Tier II requirements of nitrogen compounds 

emissions to Tier III once in operation without further procedures. 

To study the oxidation process of nitrogen compounds in exhaust gases. Two 

different sizes of Wartsila engines were taken as case studies; 12V46DF and 

8L20. The first is a dual-fuel engine, the second run by diesel oil only. Both 

run within temperature ranges of 294C--314C and 355C-385C respectively, 

as well as 21.5--23.3kg/s and 1.6--3.11kg/s mass flow rate for each, 

respectively. 

Based on the mass of exhaust gas generated by engines at a specified MCR, 

the exhaust pipe diameter must be determined to achieve a gas velocity about 

of 35 m/s, which is the ideal value for exhaust velocity to avoid excessive 

pressure loss (Wartsila, 2015, pp. 7). MAN Company indicates that the 
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exhaust velocity should not exceed 50 m/s to avoid the formation of back 

pressure on the engine (MAN B&W, 2016, sec 15.03, pp. 1 of 1). While 

Rolls-Royce suggests that the maximum velocity of the exhaust is 45 m/s to 

avoid resonance hazards as well (Rolls-Royce, 2016, pp. 2.03). Generally, 

exhaust velocity is directly proportional to temperature and inversely to the 

diameter of the pipe. This correlation can be observed by the equations below. 

V = M / ρ * 4 / (π*D²) 

ρ = 1.293*273 / (273+T) * 1.015    (MAN B&W, 2016, sec 15.05, pp. 1 of 3) 

Where:  

 ρ is the density of Exh. Gas in kg/m³ 

 V is the velocity of Exh. Gas in m/s 

 M is the mass of Exh. Gas at specific MCR in kg/s 

 T is the temperature of Exh. Gas at specific MCR in °C 

 D is the diameter of exhaust pipe in m 

The length and diameter of the reactor are depend on mass flow rate of 

exhaust gas, and exhaust gas components percentages were defined as O₂: 13, 

N₂: 75.8, NO: 0.15 (Woodyard, 2009). As for ammonia, there is a ratio 

between it and exhaust nitrogen mostly ranging from 0.25 to 3 (Javed et al, 

2008). 

Figure -9- Typical exhaust emissions 

 
(Woodyard, 2009). 
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By using the Cantera 2.5.1 chemical kinetic software tools implemented in 

the Python 3.9.2 programming language with reactions mechanism of Yaml 

after some modifications such as insert equations of density and velocity 

(Krishna, 2018). The length of the reaction tube, ammonia ratio, and the 

ambient temperature were changed within many tests, also the diameter of the 

reactor -exhaust pipe- was changed, taking into account the permissible gas 

velocity limits. Generally, the length of the reaction tube and the velocity of 

exhaust gas directly affect the time of the reactions (Javed et al., 2008), in 

addition, exhaust gas velocity has an obvious effect on the quality of mixing 

the oxidizer spray with exhaust gas before entering the reaction tube. The 

reactor simulated with quantities of exhaust gas identical to what is generated 

by the engines of Wartsila type 12V46 and 8L20LF at full load. The mass 

flow of exhaust gases for each was 27.4 and 3.11 kg/sec, respectively 

(Wartsila, 2019, pp. 3-17; Wartsila, 2013, pp. 14). At 3 NH₃/NO ratios, 97% 

of NOx removed as shown in table -2-. 

Table -2- Simulation parameters of NO oxidation 

Source: created by author 

  

Wartsila T   -  °C M - kg/s D - m V  -   m/s P - bar L - m NH₃/NO Removal Eff Load

12V46DF 750 27.4 3 11 1 3 3 97.0% 100

8L20 750 3.11 1.5 5 1 1.5 3 97.0% 100
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Figure -10- Simulation results of NO oxidation on Python 3.9.2 

Source: created by the author 

3.2- Oxidation of Methane 

In recent years, a significant increase in the use of LNG as a marine fuel, for 

other types than LNG tankers (Lighthouse, 2020). Therefore, a model of 

exhaust gas of LNG-powered engines will be tested by a script program from 

the Cantera 2.5.1 chemical kinetic software tools implemented in the Python 

3.9.2 programming language, adopting a reactions mechanism of YAML after 

some modifications such as insert equations of density and velocity. In 

addition to, the circumstances of reaction are readjusted to achieve the best 

results, such as the dimensions of the reactor and reaction temperature, taking 

into account the exhaust velocity to be within the permissible limits. 
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The simulation was carried out on two different sizes of Wärtsilä’s engines, 

which are 16V50DF and 6L46DF with their operation parameters (Wartsila, 

2019, pp. 3-17; Wartsila, 2019, pp. 3-1). In addition to, a hypothetical engine 

with violent operating conditions that were taken from a slow-speed MAN 

engine for the test. They were examined and tested under the various expected 

engine conditions and according to the operating information published by 

the manufacturer. Exhaust gas compositions percentages were assumed as 

CH₄: 2.3, CO₂: 2.3 (Bengtsson et al., 2011), and O₂: 13, N₂:75.8 (Woodyard, 

2009). Through simulation tests that based on the amount of gas flowing and 

its temperature, the length of the reactor was set to be 3 meters and its 

diameter of 3 meters also. In order to meet the environmental requirements 

even it use for the big size engines, with an oxidation efficiency up to 97% or 

more, while maintaining the exhaust velocity below 35 m/s for the reasons 

mentioned previously. Table -3- shows results. 

 

Table -3- Simulation parameters of CH₄ oxidation 

Source: created by the author 

  

Engine Load % Mass kg/s Temp ᵒC P - bar L - m D - m velocity m/s ⴄ

100 24.5 401 1 3 3 6.5 97%

75 19 445 1 3 3 5.3 96%

100 11 367 1 3 3 2.7 97%

75 8.3 409 1 3 3 2.2 96%

hypothetical 120 231 1 3 3 30 99%

Wartsila 16V50DF

Wartsila 6L46DF
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Figure -11- Simulation results of CH₄ oxidation on Python 3.9.2 

Source: created by the author 

 

Reactions mechanism by (Quiceno et al., 2006)  

1- H₂ + 2 PT(S) => 2 H(S) 

2- O₂ + 2 PT(S) => 2 O(S) 

3- CH₄ + 2 PT(S) => CH₃(S) + H(S) 

4- CH₄ + PT(S) + O(S) => CH3(S) + OH(S 

5- CH₄ + PT(S) + OH(S) => CH₃(S) + H₂O(S 

6- H₂O + PT(S) => H₂O(S) 
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7- CO₂ + PT(S) => CO₂(S) 

8- CO + PT(S) => CO(S) 

9- 2 H(S) => H₂ + 2 PT(S) 

10- 2 O(S) => O₂ + 2 PT(S) 

11- H₂O(S) => H₂O + PT(S) 

12- CO(S) => CO + PT(S) 

13- CO₂(S) => CO₂ + PT(S) 

14- C(S) + O(S) => CO(S) + PT(S) 

15- CO(S) + PT(S) => C(S) + O(S) 

16- CO(S) + O(S) => CO₂(S) + PT(S) 

17- CO₂(S) + PT(S) => CO(S) + O(S) 

18- CO(S) + OH(S) => CO₂(S) + H(S) 

19- CO₂(S) + H(S) => CO(S) + OH(S) 

20- CH₃(S) + PT(S) => CH₂(S) + H(S) 

21- CH₂(S) + H(S) => CH₃(S) + PT(S) 
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It is worth noting that can reduce the diameter of the reactor if the system is 

installed at a point of the exhaust pipe or for another engine with a low 

temperature where the diameter can be 2.5 meters for the same amounts of 

exhaust gas at a temperature of 200 degrees Celsius without affecting the 

removal efficiency as shown in figure -12-. Thus, the reaction mechanism 

selected meets the requirements of majority engines at different operating 

conditions and sizes. 

 

Figure -12- Simulation results of CH₄ oxidation on Python 3.9.2 at low 

temperature. 

 
Source: created by the author 
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CHAPTER IV 

APPLICATION OF CHEMICAL KINETIC SIMULATION RESULTS 

AND PARAMETRIC ANALYSES 

4.1- The case study 

 “Entreprise Nationale de Transport Maritime de Voyageurs (ENTMV)” 

National Company of Maritime Transport of Travelers / Algeria 

 

Tassili II is one of the Algerian ferries, its details are shown below. Mainly, 

she sails in the Mediterranean, between registry port Alger and European 

countries. The company operates its ships in four routes with three European 

countries, Spain, France, and Italy. Each round trip consists of three ports, 

two Algerian and one European. We chose the France route that consists; 

Algiers-Marseille-Skikda-Algeria because the departure and arrival dates for 

the month of July /2021 are announced on The Company’s website (Algerie 

ferries, 2021). 

Ship name: Tassili II 

Owner: Algerian Government 

Capacity of passenger: 1320 

Capacity of vehicle: 300 

Capacity of eco armchairs: 600 

Speed: 12.6kn 

Length: 146.6m 

Width: 24m 

Main engine: Wartsila 12V46 (12600kw) * 2 

Auxiliary engine: Wartsila 8L20 (1600kw) * 4 
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Figure -13- Algiers-Marseille-Skikda-Algeria route (green 

(Algerie ferries, 2021). 

According to the program prepared for July/2021, the ship will sail for 161 

hours on round trips among three ports, Algiers-Marseille-Skikda.  Based on 

this program, the ship will release the number of nitrogen oxides at diesel 

operation mode, and methane will be slipped at LNG operation mode. Both 

modes` emissions will be calculated from the main and auxiliary engines, 

according to actual running hours for a year, considering that the operating 

program is constant for ten months per year and the remaining two months 

are for maintenance and expected repairs. Thus, the main engines will record 

161 hours per month for each (322 hours for both). In comparison, the 

auxiliary engines will record 161 hours for two engines, in addition to 559 

hours distributed among all auxiliary engines without specifying (881 hours 

for all). The 559 hours present the period of the ship’s stay in the ports, 

assuming that the ship sails with two main engines at full load and two 

auxiliary engines at full load also, while only one auxiliary engine during the 

port period. 

4.2- Nitrogen Oxides 

According to the specifications of the Main and Auxiliary engines, the total 

amount of nitrogen oxide emitted during ten months - an operational year - 
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amounted to 416258 tons. As for the quantities removed by the non-catalytic 

oxidation system, according to the average efficiency of 97% as shown in 

graphs 1a, they amounted to 403770 tons. It is noted that this amount of 

reduction in nitrogen oxides emissions transferred the ship's performance to 

meet the requirements of the emissions control areas ECA. In other words, it 

achieved at least the minimum of Tier 3 of the regulations of the International 

Maritime Organization. 

Table -4- The amount of NOx removed 

Source: created by the author 

 

Due did not obtain the amounts of nitrogen oxides emitted by the shipping 

industry in recent years, the amounts of nitrogen components emitted in 2001 

were adopted as a baseline, taking into account the increase in the global fleet 

and by comparing the increases of the amounts of carbon dioxide (Clarkson 

report No. 901834) starting from  2001 to 2021.  

The amount of nitrogen emitted in 2001 was 6.87 million tons (James and 

Corbett, 2003); therefore, the amount of NOx that will emit in 2021 is 7.71 

million tons. Thus, based on the efficiency achieved 97% as shown in graph 

1a and 1b, NOx that this system can remove will be 7.48 million tons, as for 

remaining NOx will be 0.23 million tons. 

  

Engine NO emitted (t/y) NO Removed  (t/y)

M/E 317621 308092

A/E 98637 95678

Total 416258 403770

Nitrogen oxides
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Graph -1a- The oxidation of NO at M=27.5kg/s, T=750°C, L=3m, D=3m, 

NH₃/NO=3, ⴄ =97% 

 

Source: created by the author 

Graph -1b- The oxidation of NO at M=3.11kg/s, T=750°C, L=1.5m, 

D=1.5m, NH₃/NO=3, ⴄ =97% 

Source: created by the author 
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Through simulation tests, it has been observed that the system can be 

manufactured in different dimensions to suit various types of engines and 

boilers. Table -2- shows two different sizes in lengths and diameters. Thus all 

operation parameters differ depending on the power plant or in other words, 

depending on the amount of exhaust gas to be cleaned. It was also noted that 

the reaction needs high temperatures more than the exhaust temperature. For 

example, the 8L20 engine from Wärtsilä required 750°C -365°C more than 

exhaust gas temperature to remove 97% of NO as shown in graph 1b. 

In addition to, the process is affected by the residence time, which is a 

function of diameter, length, and temperature as well. Therefore, the SNCR 

is suitable for high-temperature power plants for some extent. 

Figure -14- is plotted by Python program 3.9.2 to shows the reaction pathway 

starting with NH3 decomposition and ending with NO reduction. In addition 

to noting the importance of the ratio of NH3/NO. The products of the reaction 

are N2 and NO2, both of which have high water solubility. Thus, it confirms 

the efficiency of the system. 



39 
 

Figure -14- Reaction path diagram 

Source: created by the author 

 

The graphs -2a, 2b- show how temperature affects the reaction course and the 

efficiency in general, as it is considered the pivotal player in this reaction. 

The red line indicates the light-off * temperature, usually set mainly according 

to the mass of gas passing through the reactor, then other parameters such as 

the NH3/NO ratio, diameter and length of the pipe, and pressure. Thus, for 

example, the light-off temperature of the Wartsila 12V46DF engine that 

generates 27.4 kg/s of the exhaust is 692 Celsius. In comparison, it is 676.5 

Celsius for the Wartsila 8L20 engine that generates 3.11 kg/s at the same 

dimensions and parameters. 

*_It is the lowest temperature at which the reaction begins, and sometimes 

50% is considered the starting point of the reaction instead of zero (“Catalytic 

Converter”, 2021). 

  



40 
 

Graph -2a- The effect of temperature on reaction and the light-off temperature 

at constant the other parameters; D=3m, L=3m, P=1atm, NH₃/NO=3 

(12V46DF) 

Source: created by the author 

 

Graph -2b- The effect of temperature on reaction and the light-off 

temperature at constant the other parameters; D=3m, L=3m, P=1atm, 

NH₃/NO=3 (8L20) 

Source: created by the author 
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The amount of ammonia released into the exhaust stream is determined by 

the amount of nitrogen oxides emitted by the exhaust. The ratio of NH/NO 

affects the oxidation process no less effectively than the effect of temperature, 

as shown in graph -3-. Therefore, even the decrease in temperature can be 

compensated by an increase in the percentage of ammonia, provided that the 

drop does not reach the point of the light-off temperature referred to 

previously. 

 

Graph -3- The effect of NH₃/NO ratio at constant the other parameters; 

D=3m, L=3m, P=1atm, T=750°C 

Source: created by the author 

The diameter of the reactor follows the temperature and the ratio of NH₃ / NO 

in terms of affecting the efficiency, as increasing the diameter reduces the 

velocity of the gases and thus increases the reaction time. Hence, it is possible 

to compensate for some of the lack of heat or the amount of ammonia by 

increasing the diameter of the tube. Graph -4- shows the relationship between 

diameter and efficiency. 
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Grapf-4- The effect of diameter at constant the other parameters; 

NH₃/NO=3, L=3m, P=1atm, T=750°C 

Source: created by the author 

 

As for the reactor length and the pressure, they have a negligible effect on the 

reaction in direct proportion and are limited range to a certain extent, and they 

have no impact outside their respective scope. Therefore, length and pressure 

influence can be neglected, as an increase in pipe diameter by half a meter 

can be equivalent to the rise in pressure of 3 bars. Graphs -5, 6- show these 

relationships. 
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Graph -5- The effect of length at constant the other parameters; NH₃/NO=3, 

D=3m, P=1atm, T=750°C 

Source: created by the author 

 

Graph -6- The effect of pressure on reaction at constant the other 

parameters; D=3m, L=3m, T=725, NH₃/NO=3 

Source: created by the author 

Although the reactor needs a power source to operate the heating elements, 

for example, the Wratsila engine (8L20) needs 415 degrees Celsius in 

addition to the exhaust temperature, as well as the need to add ammonia 

throughout its operation. It is able to change the exhaust specifications of 

ships' engines designed to meet the requirements of Tier II of the IMO 

regulations to Tier III that is, allowing them to sail within the emissions 
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control areas. This in itself is beneficial for ships that frequent the control 

zones at spaced intervals since the reactor will remain switch off as long as 

the vessel is outside the emissions control areas. As for the energy required 

to raise the exhaust temperature to the required temperature, can install an 

external burner at the front of the reactor, and the amount of fuel is determined 

according to the engine load. The presence of the burner can also oxidize 

some unburned hydrocarbons (Lighthouse, 2020). 

4.3- Methane slip 

Referring to product guides of Wartsila engines, the total methane, which will 

slips from Tassili engines during a year (3220 hours for main engines and 

8810 hours for auxiliary engines), is 9574 tons. Therefore, the quantity 

converted to friendly environment compounds by the non-catalytic oxidation 

system at 98% efficiency is 9382 tons as shown in table -5-.  

 

Table -5- The amount of CH₄ removed 

Source: created by the author 

 

Simulation experiments achieved high-efficiency rates that can reach 98%, 

especially if the reactor is placed after the waste heat recovery systems 

(WHR) to increase the efficiency of WHR and avoid the gas velocity increase 

due to high temperature. Graphs 7a, 7b, 7c, 7d, and 7e show removal 

efficiencies achieved for 9S90ME of MAN, 16V50DF, and 6L46DF of 

Wartsila.  

Engine CH₄  (t/y) CH₄ Removed  (t/y)

M/E 7305 7159

A/E 2269 2223

Total 9574 9382

Methane slip



45 
 

Graph -7a- CH₄ oxidation at M=120kg/s, T=350°C, P=1bar, L=3m, D=3m, 

ⴄ =98% 

Source: created by the author 

Graph -7b- CH₄ oxidation at M=24.5kg/s, T=401°C, P=1bar, L=3m, D=3m, 

ⴄ =97% 

Source: created by the author 
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Graph -7c-   CH₄ oxidation at M=19kg/s, T=445°C, P=1bar, L=3m, D=3m, 

ⴄ =96%                                

Source: created by the author 

Graph -7d-   CH₄ oxidation at M=11kg/s, T=367°C, P=1bar, L=3m, D=3m, 

ⴄ =97%                                     

Source: created by the author 
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Graph -7e- CH₄ oxidation at M=8.3 kg/s, T=409 °C, P=1bar, L=3m, D=3m, 

ⴄ =98% 

Source: created by the author 

 

It seems clear through the simulation experiments conducted on two different 

sizes of the Wartsila engines and a hypothetical engine of MAN. The reaction 

mainly depends on the time during which the exhaust stays in the reaction 

space. The graphs below show the relationship between the methane 

oxidation efficiency and the reaction parameters of an engine that emits 24.5 

kg of exhaust gases per second. The pipe diameter is the most influential 

player as the efficiency decreased from 96.6% to 84% and then to 39%, with 

a decrease of 1 meter each time, graph -8- . In contrast, the exact value of the 

reduction in the length of the reactor caused the efficiency to be reduced from 

96% to 95% and then to only 92%, graph -9-. The difference in effect occurs 

because the increase in the diameter decreases the velocity of the gases and 

increases the reactor volume, that is, the increase in the amount of gas per 

time unit and increases its residence. Therefore, the diameter of the reactor is 

a pivotal factor in this reaction process, as providing more time to complete 
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the reaction in the presence of its fundamental elements. Graph -8- shows the 

effect of the diameter change on the efficiency with all other parameters held 

constant. 

Graph -8-    The effect of diameter on the methane oxidation process at, 

L=3m, T=401°C, M=24.5kg/s, P=1bar 

Source: created by the author 

 

Graph -9-   The effect of length on the methane oxidation process at M = 

24.5kg/s, T = 401°C, D = 3m, P = 1bar 

Source: created by the author 
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The temperature usually affects the quality of chemical reactions, and the 

proportion between them often is direct (Basile et al., 2001). In this reaction, 

because the reactants are gaseous and have directional movement, the 

temperature has another effect that causes an increase or decrease in its 

velocity by changing the gas's density. In other words, the temperature 

changes the residence time, which is very important to complete the 

interaction. Graph 10 clarifies the inverse proportion between the efficiency 

of oxidation and temperature, indicating the importance of the time factor for 

this reaction, which exceeds the importance of temperature for the reaction 

mechanism itself. 

 

Graph -10-   The effect of temperature on the methane oxidation process at 

M = 24.5kg/s, L = 3m, D = 3m, P = 1bar 

Source: created by the author 
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CHAPTER V 

CONCLUSION AND RECOMMENDATIONS 

 

One of the priorities of this modest research is to shed light on the gaseous 

pollution arising from the use of marine fleets of various types of engines and 

fuels, which often reflect negatively on the environment and human health. 

The most pollutants that have attracted researchers' attention are sulfur 

compounds, nitrogen, mercury, and suspended particles, and the list goes on 

for chemists. In conjunction with the growth of international maritime trade, 

which was accompanied by an obvious increase in the volumes of goods and 

consequently an increase in the sizes of ships and their engines, in other 

words, an increase in their consumption of fuel, which leads to pollution of 

all kinds. The Environmental Protection Committee of the International 

Maritime Organization has issued some standards and regulations for ships 

regarding pollution by sulfur compounds and nitrogen compounds as well as 

greenhouse gases, left the door open for stakeholders to choose the method of 

compliance; as the use of low-sulfur fuels, the use of alternative fuels or the 

use of exhaust cleaning systems. Each method is accompanied by advantages 

and disadvantages, depending on the type and age of the ship, its operation 

zone, the imposed laws, and the volume of services available in the ports it 

frequents. The first way is the use of low-sulfur fuel is the fastest solution that 

can be followed by existing ships of all kinds and does not require any 

modification or change in the ship’s hull or engines except for a cleaning 

process for the fuel system and tanks. This procedure can be implemented 

during the normal consumption of old fuel. Low-sulfur heavy fuel (LSHFO) 

is not available enough because of the old specifications of current refineries, 

so it is replaced by light fuel of one of the two types MDO or MGO. both of 

which are more expensive than heavy fuel (380cST) by about 300 US dollars 

per ton and most European countries suffer a shortage of it for cars (Lloyd`s 
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Register, 2015, pp. 9). The second solution, which is a promising solution 

because it gets rid of sulfur and nitrogen compounds almost completely, is 

the use of alternative fuels such as natural gas, petroleum gas, and biofuel. 

LNG is one of the most important of these alternatives. It is available and 

cheap compared to fossil fuels if the energy content is neglected. LNG is 

characterized by good combustion characteristics, its sulfur and nitrogen 

emissions are very low, where the SOx emissions are less by 90-95%, 

meaning that it meets the requirements of emissions control areas. Natural gas 

is also characterized by a lower carbon content by 20-25% compared to 

conventional fuels, and any methane leakage must be avoided to maintain this 

advantage (MAN Diesel & turbo, 2011, pp. 3). The use of LNG as fuel for 

ships is faced by the lack of infrastructure for storing and bunkering. In 

addition, the existing ships need a major modification, including the 

development of tanks that suit the storage conditions of LNG, as well as 

modifying the engine. As for the environmental aspect, the use of natural gas 

involves a significant slip of methane, as it is one of the most important 

greenhouse gases and more influential than carbon dioxide in this field. The 

third option to comply with the requirements of the Environmental Protection 

Committee is the use of exhaust gas cleaning systems EGCSs. These systems 

are divided in terms of their mechanism of action into two main parts: dry, 

which are limited in use on ships, the wet, which are the most famous, used 

in three different mechanisms -open, closed, or hybrid loops- were previously 

detailed. These systems are specialized in removing sulfur compounds and 

some suspended particles. Another section of EGCSs specialized removing 

of nitrogen oxides and the treatment of the slipped methane associated with 

the use of liquefied natural gas. Both of which depend on the principle of 

chemical reactions with conditions and factors that differ from one type to 

another. In addition, there are methods that can be followed to reduce nitrogen 

oxides such as recirculating part of the exhaust and entering it into the 

combustion chamber, including water in the combustion mixture either with 

fuel or directly to the cylinder, reducing the mean effective pressure of 
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combustion. It is noted that all of them adopt the principle of lowering the 

combustion temperature to reduce the chance of nitrogen reacting with 

oxygen to produce NOx, which depends mainly on temperature. By these 

systems, it is possible to continue using high-sulfur fuel, but they are 

characterized by their high weight and the consequent change in the ship’s 

stability, especially since its position is high in relation to the main deck of 

the ship, not to mention the recovery time and the remaining lifespan of the 

ship. 

The noted from the foregoing that getting rid of all harmful emissions 

simultaneously is very difficult, and it cannot be achieved without sacrificing 

other aspects of profitability; Investment or operational or both together, 

throughout the next period of the ship's life, where the problem is to enhance 

the absorption of NO in water (Zheng et al., 2014). Therefore, we believe that 

it is better for existing ships to adopt low-sulfur fuel, as it involves operational 

losses that represent the difference between its price and the price of 

conventional fuel. As for the ships that will be built, they may choose based 

on their operating area, primarily; Either the adoption of EGCS with one of 

the modern technologies that reduce nitrogen emissions, or the adoption of an 

engine running by LNG with the adoption of a non-catalytic oxidation reactor 

to treat methane leakage, which was discussed in this research. Especially 

since the achieved efficiency is up to 99% by SNCR, at the same time the 

high costs of some materials used in the SCR such as palladium, rhodium, 

and platinum (Lighthouse, 2020)., and concerns about the use of ammonia, a 

chemical that is environmentally unfriendly (Zhang et al., 2012). 
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