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Abstract  

The aim of this report is to study a proposed air pollution control (APC) system designed to treat flue 

gases produced during the combustion of waste derived syngas. In order to achieve this objective, a 

literature study was done to gain insight into the pollution formation during gasification and 

combustion of syngas, and a model of the APC system was built using the Aspen Plus software. This 

model was used in four different case studies aimed at optimizing the water and chemical 

requirements throughout the system. Several different types of wastes were considered; municipal 

solid waste (MSW) representing that which is normally generated in developed countries, MSW 

representing that which is normally generated in developing countries, a waste composition 

representing that of the plastic fraction of MSW, and a waste composition representing that of the 

biomass fraction of MSW.  

   Based on the results of the literature study, a few conclusions could be drawn. Sulfur compounds 

could be expected to be found in the form of H2S in the syngas and SO2 in the flue gases. Chlorine 

compounds could be expected to be found in the form of HCl and the nitrogen compounds in the 

form of NH3, HCN and N2 after gasification and NO after combustion. The amount of research done in 

the area of MSW gasification, and combustion of MSW based syngas, is, however, small, and more 

research is needed. 

   Based on the results of the case studies, the amount of NaOH varied greatly depending on flue gas 

composition and negligibly depending on recirculation setup. The total amount of water required 

varied notably between the different cases studied and no case stood out clearly as the optimal case 

for all four waste compositions. The case studies seemed to indicate a trend towards an increased 

total water requirement with an increase in the amount recirculation. The four best cases where 

cases 2,3,4 and 10, out of which case three has been recommended as a good initial estimate from 

which to depart when finding the optimal setup for a specific system under study. In case 3, 40 wt% 

of the fresh water from the first splitter was sent to the direct contact scrubber, 50 wt% of the 

remaining fresh water was sent to the absorption tower, 40 wt% of the liquid leaving the absorption 

tower was recycled back to the direct contact scrubber, and 40 wt% of the remaining water leaving 

the absorption tower was recycled back to the absorption tower.  
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Sammanfattning 

Syftet med denna rapport är att studera en föreslagen rökgasreningsanläggning utvecklad för att 

behandla rökgaser efter förbränning av syntetgas producerad från hushållsavfall. För att nå detta mål 

har en litteraturstudie gjorts för att utröna vilken typ av föroreningar som kan förväntas vid 

förgasning av hushållsavfall, och förbränning av den genererade syntetgasen, samt en modell av 

rökgasreningsanläggningen byggts i Aspen Plus. Denna modell har använts i fyra olika fallstudier i 

syfte att optimera den mängd vatten och kemikalier som krävs för att åstadkomma erforderlig 

rening. Flera olika avfallstyper studerades; hushållsavfall representativt för det som normalt 

produceras i industriländer, hushållsavfall representativt för det som normalt produceras i 

utvecklingsländer, avfall representativ för plastfraktionen i hushållsavfall, samt avfall representativt 

för den organiska fraktionen i hushållsavfall. 

   Baserat på resultaten ifrån litteraturstudien kunde några slutsatser dras. Svavelföreningar kan 

förväntas återfinnas som H2S i syntetgasen och SO2 i rökgasen. Klorföreningar kan förväntas 

återfinnas som HCl och kväveföreningar som NH3, HCN och N2 i syntetgasen och NO efter 

förbränning. Mängden forskning utförd inom området förgasning av hushållsavfall och förbränning 

av den därmed producerade syntetgasen är dock liten och mer forskning inom området behövs. 

   Baserat på resultaten ifrån fallstudien varierade mängden NaOH kraftigt mellan olika typer av 

rökgassammansättning, men försumbart mellan de olika studerade fallen. Det totala vattenbehovet 

varierade märkbart mellan de olika fallen och inget fall stod ut som det optimala för alla fyra typer av 

avfall. Resultaten ifrån fallstudien indikerade att en trend fanns mot ett ökat totalt vattenbehov vid 

ökad recirculation. De fyra bästa fallen var fall 2,3,4 och 10. Av dessa har fall 3 rekommenderats som 

en god initial estimering från vilken den optimala konfigurationen för ett specifikt system kan sökas. I 

fall 3 förs 40 vikt% av färskvattnet direkt till direktkontaktskrubbern, 50 vikt% av resterande 

färskvatten förs till absorptionstornet, 40 vikt% av vattnet som lämnar absorptionstornet recirkuleras 

till direktkontaktskrubbern och 40 vikt% av den resterande mängden vatten som lämnar 

absorptionstornet recirkuleras tillbaka till detta.  
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1 Introduction 

 Municipal Solid Waste 1.1
Municipal solid waste (MSW) is a combination of the residential and commercial waste generated in 

a municipal area and is normally handled by government or private haulers. (Elliot et.al., 1998) It 

consists of an as wide variety of objects as household wastes, street sweepings and construction 

debris. (Medina, 2002) In the industrialized world, an average of more than a ton of MSW is 

produced per household and year, with an energy content of about 9 GJ per ton (Boyle, 2004). 

Essentially, everything that is produced will at some point become waste. Thus, the composition of 

the waste in terms of material is likewise differentiated, consisting of, among other things, plastic, 

paper, glass, metal and organic material (Gómez et.al, 2009). 

   The amount and composition of the MSW produced is not stable. It varies over the year and 

depends on the socio-economic level of those producing the waste. During the summer, when a lot 

of people are on vacation and have free time to spend on leisurely reading, the fraction of 

newspapers and magazines increases in the waste. In the MSW produced by the higher socio-

economic level group, the fraction of food, which has not been consumed before its recommended 

consumption date, is larger than in the MSW produced by people with lower incomes. This group of 

people also produces a greater amount of cardboard waste due to their greater spending power, 

which enables them to buy a larger number of products. The purchasing of these products cause 

cardboard waste when the cardboard containers, in which they have been transported, are 

discarded. (Gómez et.al, 2009) 

   Also from a global perspective, there are apparent differences in the amount and composition of 

waste produced depending on the wealth of the country in which it is produced. The per capita 

generation of waste in a U.S. city, or the average amount of waste per capita in Sweden, can amount 

to over 1.2 kg/day, as compared to less than 200 g/day in an African city. The waste produced in 

developing countries also tends to contain a larger fraction of organic material, a larger amount of 

moisture and have a higher density than that of developed countries, while waste in developed 

countries contain a larger amount of packaging materials. (Medina, 2002; Avfall Sverige, 2012)  

   One can therefore expect to see a waste problem which grows, not linearly, but exponentially with 

regard to the growth in global population, as an increase in world population due to a higher 

standard of living will result in an increase in the per capita generation of waste as well. Thus, an 

effective waste management strategy is an essential part of reaching the goal of a sustainable 

society. 
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 Waste Management Strategies 1.2
There are several different methods for dealing with the waste produced in society. Ordered 

hierarchally, these are waste prevention, reuse, recycling, recovery and disposal. (Kumar 2010)  

Waste Prevention 

Waste prevention includes both the reduction of the actual waste produced, as well as the reduction 

of undesirable, potentially hazardous substances inside the waste. This can be done by, for example, 

substituting raw materials in the production process to less hazardous ones. (Persson & Nilson, 1998) 

Reuse 

Reuse refers to the recirculating system in which a product is used several times. This is also known 

as primary recycling. One example of primary recycling is the reusing of glass bottles by having them 

returned to factories, cleaned and refilled before being reintroduced to the market. (Persson & 

Nilson, 1998) 

Recycling 

When that which is recycled isn’t the actual product, but the material content of the product, it’s 

called secondary recycling. This includes, for instance, the reusing of the aluminum content in 

aluminum cans to make new cans, and the reusing of the pulp in old newspapers to make new ones. 

Tertiary recycling is less common. One example of tertiary recycling is the act of breaking down the 

long polymer chains in a plastic material to the original monomer constituents, so as to be able to 

use them again in the making of new plastic materials. (Persson & Nilson, 1998) 

Recovery 

Recovery can refer to both the recovery of material, such as when plastic material in PET bottles is 

used for the making of sweaters, and to the recovery of energy, such as when the plastic material is 

combusted with the aim of utilizing its energy content. Material recovery is an option to disposal 

when it is not possible to maintain the quality of the material. The material is then reformed to a 

lower quality material and used in the production of a product for which the quality demand of the 

material is lower. (Persson & Nilson, 1998) 
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Disposal 

The aim of waste disposal is to convert the material into substances that can be reintroduced into 

naturally occurring cycles in a non-disruptive way, or securely placed in landfills. The methods for 

doing this can be divided into biological treatment, such as composting and anaerobic digestion, or 

thermal treatment, such as gasification, pyrolysis, incineration and plasma technology, or chemical, 

which is primarily used on inorganic waste material. (Persson & Nilson, 1998; Kumar, 2010) Thermal 

waste treatment technologies will be discussed further in the next section. 
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 Thermal Waste Treatment Technologies 1.3

Incineration 

In recent years, MSW has been the fastest growing energy source in the US. By the middle of the 

1990s, about 10% of the MSW generated in the US was burnt in Waste-to-Energy (WtE) plants. In 

Europe and Japan, the portion of waste treated in this way is even larger, close to 30% and over 90% 

respectively. (Elliot et.al., 1998)  

   Incineration is the most common thermal technology used to deal with waste. The aim is to achieve 

a reduction in waste volume while utilizing the heat released during the combustion process. A 

volume reduction of 90% and weight reduction by 75% can thus be reached. (Kumar, 2010) Out of 

the remaining 25 weight-%, 20% can be found in the incinerator bottom ash (IBA). This waste is not 

currently considered to be a hazardous waste. The remaining 5% is the fly ash, which is categorized 

as an absolute hazardous waste in the European Waste Catalogue. It leaves with the flue gases and 

the pollutant components of the fly ash combine with residues of the air pollution control (APC) 

system during the flue gas cleaning. Depending on the composition of the waste, as well as the 

incineration and flue gas cleaning parameters, these APC residues contain a number of different 

hazardous components. APC residues are considered a particularly difficult waste to manage and, as 

is the case with fly ash, must be disposed of in a hazardous waste landfill. (Gomez et.al., 2009) 

   The waste can be burnt without any pretreatment. This is called mass burning. It can also be 

pretreated through size reduction and material recovery, in which case the finished product is 

referred to as refuse derived fuel (RDF). (Elliot et.al., 1998) Typical waste incinerators are the moving 

grate, the fixed grate, the rotary kiln and the fluidized bed.  Out of these, the moving grate, 

sometimes referred to as the municipal solid waste incinerator, is the most frequently used. (Kumar, 

2010)  

   In Europe, incineration of MSW is governed by the Waste Incineration Directive, Directive 

2000/76/EC. This directive states that flue gas temperatures must reach and maintain a temperature 

of at least 850˚C for a period of at least 2 seconds, in order to ensure proper breakdown of toxic 

organic compounds in the gases. As the heating value of the gases may not be sufficient to reach this 

temperature, auxiliary burners are installed to ensure the legislative requirements are met. (Kumar, 

2010) In the U.S, the foremost federal legislation governing solid waste disposal is the Resource 

Conservation and Recovery Act (RCRA) (Elliot et.al., 1998). 

   After combustion, the flue gases are cooled in the superheaters and leave the incinerator for the 

flue gas cleaning system at a temperature of about 200˚C. (Kumar, 2010) 
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Pyrolysis 

During pyrolysis, an external heat source is used to drive of the volatile components of the fuel in an 

oxygen free, or almost oxygen free, environment at temperatures of about 450-750˚C. The main 

components of the gas thus produced, called synthetic gas or syngas, are H2, CO, CO2, CH4 and 

complex hydrocarbons. Another useful product produced during pyrolysis is pyrolysis oil, which can 

be burnt in boilers for power generation, or, after further treatment, used as substitute for diesel 

fuel. The solid residue produced is called char and consists of carbon and non-combustible 

components. (Kumar, 2010) 

Gasification 

Gasification is one of several different thermal methods for handling municipal solid waste (MSW) 

and can be used as a method of heat and power generation (Murphy and McKeogh, 2004). The 

process can be described as one of partial combustion producing a fuel gas and an inert residue. 

(Bridgwater, 1994) A gas functions as a gasification agent and brings about a thermal conversion of a 

liquid or solid feedstock into a combustible gas by means of direct or indirect gasification. In direct 

gasification, air or oxygen is used as gasification agent to partially oxidize the fuel. This oxidization 

supplies the energy required for the thermal conversion. If no oxidizing agent is used, such as in the 

case of the indirect gasification process, energy must be provided through the aid of an external 

source. The most commonly used indirect gasification agent is steam. (Belgiorno et.al., 2003) 

   During gasification, oxygen, air or steam is used at high temperature and pressure and react with 

the fuel forming syngas. The main reactions taking place are: 

Oxidation (exothermic) C + O2  CO2 

Water evaporation reaction (endothermic) C + H2O  CO + H2 

CO + H2O  CO2 + H2 (exothermic) 

Boudouard reaction (endothermic) C + CO2  2 CO 

Methane formation reaction (exothermic) C + 2 H2  CH4 

Reactions do take place during pyrolysis as well, but, due to the inert atmosphere in which pyrolysis 

is taking place, only among the volatile species being driven off due to the heat transfer. During the 

gasification reactions, the solid component partakes as well. (Kumar, 2010) 
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   The gasification process can take place in several different reactors such as the fixed bed, the 

fluidized bed and the indirect gasifier. The most competitive fixed bed gasifier is the vertical fixed 

bed reactor (VFB) which can be either updraft or downdraft. In the updraft gasifier the feedstock 

enters at the top meeting the oxidizing agent counter-currently as it rises from the bottom of the 

reactor. The downdraft reactor, on the other hand, is a co-current reactor in which the feedstock 

enters at the top and the oxidizing agent from the sides. The gasification agent in a fluidized bed 

reactor travels upwards through an isothermal bed of silica sand and feedstock. The reactor can 

either be a bubbling fluidized bed (BFB), in which the sand bed rises but remains in the reactor shaft, 

or a circulating fluidized bed (CFB), in which some of the sand in the bed is pushed out of the top of 

the reactor and is circulated back into the bottom of the sand bed. The indirect gasifier can be either 

a char indirect gasifier, consisting of a CFB steam gasifier in combination with a CFB combustor, or a 

gas indirect gasifier, in which the energy required is delivered by means of heat exchangers passing 

through the fluidized bed. (Belgiorno et.al., 2003) 

   The syngas produced during the gasification process can later be used in various applications. It can 

be used as fuel for power generation in a boiler or a gas turbine, or the hydrogen and carbon 

monoxide constituents of the gas can be used as reactants in the production of desired chemical 

products. The production process of syngas is flexible. Depending on the use to which the syngas is 

to be put, operating conditions such as temperature and equivalence ratio (ER), as well as reactor 

type, can be chosen in such a way as to achieve a specific syngas quality. (Arena, 2012) 

Plasma Technology 

Plasma is described as the fourth state of matter. It differs from a gas in that a part of the atoms and 

molecules are partially or totally ionized. This leads to a high concentration of free electrons in the 

plasma. These electrons are balanced by positive ions making plasma a quasi-neutral substance. 

(Kumar 2010) Two types of plasma are used in industrial processes; thermal (equilibrium) plasmas 

and non-equilibrium (cold) plasmas. (Gomez et.al., 2009) 

   Thermal plasmas are typically produced by direct current (DC) plasma torches and radio frequency 

(RF) inductively coupled discharges. They are characterized by high energy density, non-ionizing 

radiation, high intensity, high temperature and equality in temperature between electrons and the 

heavier particles within the plasma. This temperature equality is due to elastic collisions between the 

electrons and these atoms, molecules and ions, which occur with high frequency due to the mobility 

and high number density of the electrons, causing a rapid establishment of thermal equilibrium. A 

thermal plasma can reach temperatures of 20 000˚C and the extent of ionization depends mainly on 

the plasma temperature. This is the type of plasma used in waste treatment. (Gomez et.al., 2009) 
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   Non-equilibrium plasmas are characterized by lower energy density, a lower degree of ionization 

and large differences in temperature between the electrons and the heavier particles. In these so 

called “cold” plasmas, discharge may be maintained at as low temperatures as room temperature, 

making the plasmas suitable for applications where low temperatures are required to avoid thermal 

damage. (Gomez et.al., 2009) 
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 MSW and Plasma Technology for Power Production  1.4

Plasma Gasification and Melting 

Plasma technology has several advantages compared to other waste handling technologies. It can 

handle a wide variety of wastes, including liquids, solids and gases, and the ability to melt or vitrify 

the waste to form a stable, non-leachable product adds an additional environmental benefit to the 

volume reduction. (Gomez et.al., 2009) 

   Plasma Gasification and Melting (PGM) is a technology for handling waste developed based on the 

gasification and plasma technologies described previously. By means of this technology, the syngas 

production is coupled with high temperature plasma melting and vitrification of the solid gasification 

residues to produce a vitrified slag. (Zhang et.al., 2012) From the vitrified product, scrap metals and 

other valuable components can be recovered for re-use. By means of the pyrolysis and gasification, 

syngas is produced from the organic fraction of the waste, thereby enabling the harnessing of part of 

the energy content of the waste. (Gomez et.al., 2009) 

   The main disadvantage of plasma technology is the cost connected with the electricity requirement 

for the formation of the plasma. However, the potential for producing an inert, vitrified slag, that can 

be used in several different applications; such as asphalt mixtures or concrete aggregates, the 

potential for recovery of valuable components, and the reduction of required landfill tax payment 

due to the reduction of the amount of waste that need disposal, all contribute favorably to the 

economics of plasma technology in comparison with that of waste incineration. (Gomez et.al., 2009) 

   Gasifier based technologies can be described in terms of three sections; syngas production, syngas 

utilization and syngas/flue gas cleaning. Depending on the order in which these sections appear in 

the system, two configurations can be distinguished; the power gasifier, in which the syngas is first 

cleaned and then burned, and the heat gasifier, in which the syngas is first burned and the produced 

flue gases cleaned in a APC system following the boiler. This latter type of gasifier can essentially be 

seen as a staged combustion process and, in some cases, it may be difficult to clearly define where 

the gasification stage ends and the combustion stage begins. However, the existence of these 

different stages offer the opportunity of syngas pre-treatment before combustion, which is 

sometimes performed, mainly with the aim of removing HCl before combustion. (Arena, 2012) 
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Power Cycles 

The Rankine Cycle 

   The heat gasifier is the most common type of gasifier used in WtE gasifier applications today. 

Although it is less efficient, it has several advantages in comparison to WtE incineration plants. For 

one thing, the fuel can easily be mixed with the oxidant, enabling optimization of the oxidant 

requirement in the process. This reduced air requirement in turn gives smaller heat losses to the 

stack. Also, the fuel, being a gas, allows for continuous operation and homogenous phase reactions, 

which lead to reaction conditions which are easier to control. (Arena, 2012)  

   The most common configuration of heat gasifiers today is one in which the syngas is produced in a 

gasifier, such as for example a PGM system, and the raw producer gas is transported to an externally 

fired power producing cycle. This cycle is virtually always a Rankine cycle. (Arena, 2012) A Rankine 

cycle is a power cycle which uses water as its power producing medium. In the boiler, heat is 

produced through combustion of a fuel, e.g. syngas. The heat produced is used to evaporate 

pressurized water by means of a heat exchanger. This high temperature, high pressure steam passes 

through a turbine connected to a generator, thus producing steam at a lower pressure and electrical 

energy. After the power generating step, the steam passes through a condenser, sometimes 

connected to a district heating network. A pump is used to increase the pressure of the condensate 

to the boiler pressure, before the high pressure water is again returned to the boiler and another 

power producing cycle. (Moran & Shapiro, 2000)  

 

Figure 1: Overview of a Rankine Cycle. Published with permission of Johan Stenberg, www.johanstenberg.com. 

http://www.johanstenberg.com/


10 
 

Brayton Cycle 

A Brayton cycle is similar to the Rankine cycle, but uses gas as the power producing medium. The gas 

is heated through combustion or by passing 

through a heat exchanger, as is the case with 

gas-cooled nuclear reactors. Once heated, the 

gas passes through the turbine generating 

electricity. The turbine is connected to the 

compressor via a shaft and part of the work 

produced is used to drive the compressor. 

After the turbine, the gas is cooled in a heat 

exchanger and passes through the compressor 

before returning again to the combustor or 

heat exchanger. (Moran & Shapiro, 2000) 

 

Combined Cycle 

A combined cycle is a cycle in which two 

power cycles are combined into one and the 

waste heat in the higher temperature “top 

cycle” is used to heat the power producing 

medium in the lower temperature “bottom” 

cycle. An example of a combined cycle can be 

seen in Fig. 3. in which a Brayton cycle have 

been combined with a Rankine cycle. The gas 

leaving the turbine in the gas turbine (Brayton) 

cycle pass through a heat exchanger in which 

the heat from the cooling gas is used to 

increase the temperature of the steam in the 

Rankine cycle. This way, the waste heat in the 

top cycle can be utilized for electricity 

generation and the thermal efficiency of the 

overall system is increased as compared to 

the thermal efficiency of the individual cycles. (Moran & Shapiro, 2000) 

Figure 2: Brayton Cycle. Published with permission of Johan Stenberg, 
www.johanstenberg.com. 

 

Figure 3: Combined Cycle. Published with permission of Johan Stenberg, 
www.johanstenberg.com. 
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Practical Applications of Waste Plasma Gasification 

EER – Environmental Energy Resources Ltd 

EER uses a vertical shaft reactor consisting of four 

different zones which are characterized by the 

temperature in each section. Waste enters at the top 

of the reactor and passes through the various zones on 

its way downward. In the first zone, the waste is dried 

and pre-heated to a temperature of about 300˚C. 

Thereafter, it passes through a pyrolysis zone where 

the temperature ranges between 400 - 700˚C. Here, 

pyrolytic gas and tars are formed. The hot gases travel 

upward, leaving the carbonaceous material to continue 

on downward to the next zone, in which the 

temperature has reached 800 - 1300˚C. This is the 

gasification zone in which steam supplies sub-

stoichiometric amounts of oxygen, thereby causing the 

production of the syngas components CO and H2. These 

gases, too, travel upward, toward the syngas product 

outlet at the top of the reactor. The remainder consists 

of inorganic material, which is melted in the final zone 

at the bottom of the reactor. The molten slag is then 

tapped out into a water batch where it instantaneously 

forms a gravel-like solid material suitable for 

construction purposes. (EER, 2012)   

Plasco Energy Group 

The Plasco process consists of a conversion chamber and a refinement chamber. MSW enters at the 

top of the conversion chamber and is gasified to a crude syngas with the aid of recycled process heat 

at the bottom of the chamber. The produced gas rises and enters the refinement chamber where it is 

refined by plasma torches. The solid residue at the bottom of the conversion chamber is transported 

to a carbon recovery vessel (CRV). There it is melted by plasma torches. The crude syngas thus 

produced travel upwards to the refinement chamber. The remaining solids are melted into liquid slag 

and cooled into small, inert slag pellets. (Plasco, 2012) 

Figure 4: EER Plasma Gasifier. Published with 
permission of Johan Stenberg, 
www.johanstenberg.com. 
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Westinghouse 

The Westinghouse Plasma Corporation uses a variety 

of fuels, including MSW. The process is continuous 

with waste entering at the top of a vertical reactor 

through a top or side feed port. The fuel enters the 

reactor through an internal feed pipe. Steam, air and 

oxygen enter at the side of the reactor near the 

bottom. They react with the fuel forming syngas. The 

temperatures in the reactor can reach 5500°C. 

Inorganic materials, such as char and ash form 

molten slag, which is tapped from the bottom of the 

reactor through two slag outlets. When cooled, it is 

inert and can be used as construction material. The 

syngas produced leaves at the top of the reactor for 

the syngas cleaning process through two syngas 

outlets. (WPC, 2012)   

  

Figure 5: The Plasco Plasma Gasification Process. Published with permission of Johan Stenberg, 
www.johanstenberg.com. 

Figure 6: The Westinghouse Plasma Gasifier. Published 
with permission of Johan Stenberg, 
www.johanstenberg.com. 
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 Air Pollution Control 1.5
During the combustion process in the boiler, pollutants are formed that need to be dealt with before 

the flue gases can be released back into the atmosphere. These pollutants can be subdivided into 

several different categories. One such subdivision is to look at the emissions from the perspective of 

particle size. Generally, a pollutant becomes more difficult to deal with the smaller its size. Three 

different types of emissions can be distinguished: 

 Large particles and dust. 

 Mists and aerosols. 

 Gases and fumes, that may in turn be composed of: 

◦ Larger molecules, such as organic molecules. 

◦ Smaller molecules, such as simple inorganic gases. 

◦ Atoms, such as mercury and cadmium (Persson & Nilson, 1998). 

   The process technologies available to deal with these emissions can be subdivided into process 

internal and process external techniques. Internal techniques constitute changes made within the 

actual process giving rise to the emissions, such as changes in temperature, pressure and chemical 

environment. The aim of these techniques is to decrease the amount of pollutant formed, or to 

ensure that it is not formed at all, and these are therefore preferable to the external techniques. 

Process external techniques are techniques that handle the pollutant once it is formed. (Persson & 

Nilson, 1998) These, too, can be subdivided based on the size of pollutant they are aimed at dealing 

with. Examples of techniques for dealing with dusts are gravity settling chambers; mechanical 

collectors, such as cyclones; particulate wet scrubbers, such as venturi scrubbers and spray towers; 

electrostatic precipitators (ESP) and fabric filters. (EPA, 2010) Examples of techniques for dealing 

with mists and aerosols are wet electrostatic precipitators (WESP) and fabric filter, preferably made 

out of non-textile material. Small droplet sizes, with diameters of 1 μm or less, will pass right through 

standard filters. They require special filters, such as the Brink filter, which uses the Brownian motion 

of the individual molecules to achieve separation. Examples of techniques dealing with the smallest 

pollutants, the gases and fumes, can be divided into two different categories. The pure separation 

techniques include membrane separation, condensation, adsorption and absorption. The other set of 

techniques include techniques through which the pollutants are ultimately destroyed and are 

therefore referred to as destructive techniques. These include biological treatment, chemical 

treatment and combustion. (Persson & Nilson, 1998)  
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Wet Scrubbers 

Spray Towers 

  Spray towers provide an effective means of washing gases. In a counter-current spray tower, 

the gases enter at the bottom of the tower and meet the liquid entering at the top. (Coulson & 

Richardson, 2001) This is the simplest type of spray tower. The mass transfer area is limited, 

but the simplicity of the construction is beneficial from a maintenance perspective. (Persson 

& Nilson, 1998)  To increase mass transfer area, packed columns may be used. However, 

plate columns are generally preferred as they are easier 

to clean. In a plate column, the water is dispersed over 

a series of trays. These also decrease the risk of 

flooding at higher liquid flow rates in comparison to 

packed columns. (Coulson & Richardson, 2001) The 

gas passes through caps or perforations in the tray and 

bubbles through the liquid residing on the tray on its 

way upwards through the column (Persson & Nilson, 

1998).  

   The absorption process is based on the diffusion of 

gaseous species from the gas phase into the liquid 

phase. This requires the solute to be solvable in the 

solvent. (Coulson & Richardson, 2001) Thus, non-polar 

species require non-polar solvents and vice versa 

(Persson & Nilson, 1998). The absorption process can 

be defined as either physical or chemical. In physical 

absorption processes, the governing force is that of 

mass transfer alone, while, in chemical absorption, 

chemical reactions take place as well, thereby 

consuming part of the gaseous species once it has 

diffused into the liquid phase. (Coulson & Richardson, 

2001) 

   The extent to which the gaseous species are absorbed by the liquid phase depends on their 

soluability, partial pressure and the temperature at which the absorption process is taking 

place. The amount of species absorbed increases with increasing partial pressure and 

decreases with temperature. (Coulson & Richardson, 2001) 

Figure 7: Plate Column for Absorption. Published 
with permission of Johan Stenberg, 
www.johanstenberg.com. 
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The Venturi Scrubber 

Venturies originally received their name from the Italian physicist Giovanni Battista Venturi 

and have been used for over 100 years to measure fluid flow (Kent, 1912; EPA, 2012).  A few 

decades ago, researchers found that they could also be used for removing particles from a gas 

stream. The fluid flowing through the venturi passes three sections; a converging section, a 

throat section and a diverging section through 

which fluid flows. (EPA, 2012) As the area 

decreases, the flow velocity increases and the 

pressure decreases. After having passed 

through the narrowest section of the venturi, 

the throat, the area increases again resulting 

in a velocity decrease and a recovery of the 

lost pressure. (Coulson & Richarson, 2000) 

The principal behind the venturi scrubber is 

similar to that of absorption towers. Gas 

enters the converging section and liquid 

enters either in the converging section or at 

the throat. Due to the decreased flow area 

through which the gas flow, its velocity 

increases to such an extant that, when it 

eventually meets the liquid, it causes the 

liquid to disperse into a large amount of very 

small droplets forming a mist. Thus, the large 

liquid surface area is created, which was also 

essential for the process of absorption. 

Particles and gaseous species are absorbed into the liquid phase in the throat section of the 

venturi scrubber an the two phases leave at the exit of the diverging section. Venturi scrubbers 

are able to remove both particulate matter and gaseous compounds from the gas phase, but are 

better able to handle the former. (EPA, 2012)   

 

  

Figure 8: Venturi Scrubber. Published with permission of 
Johan Stenberg, www.johanstenberg.com. 
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 Pollutant Formation during Syngas Production and Combustion  1.6

 A Literature Study 

Several different methods are available for recovering the energy inherent in produced syngas. The 

simplest of these is the steam cycle in which the gas can be combusted directly without requiring 

pretreatment. In an advanced combined cycle plant, the energy efficiency reach higher levels, but 

the gas turbine in the top cycle requires the gas to be pretreated. (Belgiorno et.al., 2003) 

   Regardless of method chosen for energy recovery, pollutants will be formed that need to be 

handled before the flue gases can be released back into the atmosphere. As a part of the project 

work described in this report, a literature study was done with the aim of gaining insight into this 

pollutant formation, both after the gasifier before a possible gas turbine, as well as after the 

combustion chamber before the flue gas cleaning, particularly focusing on the formation of sulfur, 

chlorine and nitrogen compounds in order to be able to make a rough estimate of the behavior of 

these components to be used for simulation purposes.  

   The following review is based on the currently existing literature on pollutant formation from 

gasification of MSW, and from the combustion of the syngas produced, focusing especially on the 

formation of sulfur, chlorine and nitrogen compounds. As research done on the pollutant formation 

during MSW gasification is scarce, pollutant formation from gasification of other types of fuels, such 

as biomass and plastic, will be considered to varying degrees as well. 

Sulfur Component Formation 

Nearly all of the sulfur in a biomass or coal feedstock entering a gasification reactor will leave in the 

form of H2S in the syngas. This is especially true at high temperatures, 1023-1123 K. At lower 

temperatures, alkali metals and alkaline earth metals begin to affect the behavior of the different 

components by reacting with halides and sulfides, thus reducing the amount of H2S and HCl in the 

product gas. The H2S leaving the combustion chamber is in turn oxidized to SO2 in the combustion 

chamber. (Morrin et.al., 2012) 

   Sulfur emissions during thermal processing will depend on the composition of the feedstock. It has 

been found that the inorganic components in biomass behave differently to that of coal, and, while 

the latter has been thoroughly studied, little is known of the behavior of the former. Especially the 

functionality of sulfur in MSW is obscure, as research on MSW gasification in general is particularly 

lacking. Research done on coal has shown that about 90% of the feedstock sulfur reacts to form H2S 

even at lower temperatures. The sulfur content of the tar and gases are greatly affected by the 
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organic sulfur content, while the pyritic sulfur content in turn affect the sulfur content of the char. 

(Morrin et.al., 2012) 

Chlorine Component Formation 

Kuramochi et.al. (2005) studied the formation of chlorine compounds during gasification of six 

different types of residual biomass fuels; demolition wood, verge grass, sewage sludge, bio-dried 

wood, railroad ties and cacao shells, at various temperatures by a thermodynamic equilibrium model 

based on free energy minimization.  They found that, in the case of sewage sludge, virtually all of the 

chlorine formed gaseous HCl all throughout the temperature range studied (673-1473 K). In the other 

cases, most of the feedstock chlorine formed KCl salt at low temperatures (823-873 K). As 

temperature increased, so did the formation of HCl gas, at the expense of KCl(s) in all five cases 

except for cacao shells, in which gaseous KCl was formed instead. As temperature increased further, 

HCl formation decreased again, giving way to formation of mainly gaseous NaCl and KCl. In all cases, 

the product gas is a mixture of gaseous HCl, NaCl and KCl with varying amounts of the different 

components as temperature reached 1073 K. (Kuramochi et.al., 2005) 

   In a further study, Kuramochi et.al. (2008) investigated the behavior of chlorine during pyrolysis of 

PVC plastics. The plastic was pyrolysed separately or in combination with various amounts of 

demolition wood. The emission ratio of HCl was defined as amount of HCl formed divided by the 

amount of Cl in the PVC feedstock. When PVC was pyrolysed separately, the emission ratio was 

found to be 91%. When PVC was co-pyrolised with demolition wood chips (DWC) or demolition wood 

powder (DWP), the surface area of the wood feedstock seemed to play into the amount of HCl 

formed, leading to decreasing HCl emissions with increasing surface area. Also the relative amount of 

demolition wood to PVC plastic played into the formation of HCl emissions, leading to a decrease in 

the emission ratio with increased amount of demolition wood. Particularly the hemicellulose fraction 

of the demolition wood seemed to be responsible for this effect. When the demolition wood fraction 

consisted entirely of hemicellulose and the PVC fraction constituted 1% of the total feedstock, the 

HCl emission ratio had decreased to 3,4% with the majority of the chlorine found in the char residue. 

(Kuramochi et.al., 2008) 

Nitrogen Component Formation 

In a study done by Leppälahti and Koljonen (1995), it was found that the most prominently formed 

nitrogen compound during gasification was NH3, regardless of the type of fuel used. The amount of 

NH3 formed was determined by the amount of nitrogen in the fuel. A fuel such as wood, with a 

nitrogen content of less than 1%, gave a product gas containing less NH3 than a fuel such as peat, 

with a nitrogen content ranging between 0,5-3,0%. Experiments with an updraft fixed-bed gasifier 
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showed that the higher amount of NH3 in the peat gas was a result, not only of the higher nitrogen 

content in the fuel, but of a higher fuel-bound nitrogen conversion as well. Out of the fuel-bound 

nitrogen in peat, 19-30% was converted into NH3, as compared to a mere 4% for the fuel-bound 

nitrogen in wood. The amount of fuel-bound nitrogen converted to HCN was 3-5% for peat and 9-

14% for wood. Also the nitrogen content of the tar formed was similar, 13-19%. The remaining 

nitrogen, 52-63% for peat and 66-68% for wood is most commonly assumed to leave the gasifier in 

the form of N2, although the authors point out that the NO and N2O content usually has not been 

measured and that these components may be included in this remainder. On the other hand, 

normally no NO is reported in gasification gases, with the exception of small amounts in gases leaving 

high temperature entrained-bed gasifiers. This can be explained by the reductive atmosphere in the 

gasification process and the ease with which NO is reduced to N2.  (Leppälahti and Koljonen, 1995) 

   Several factors were found which determine the amount and type of nitrogen compounds formed. 

For one thing, the form in which the fuel nitrogen is found within the fuel has an impact on which 

nitrogen compounds will be formed during the gasification process. In peat and wood, most of the 

nitrogen is bound in protein, which decomposes into NH3, while as in the case of coal, the nitrogen is 

mostly pyrrolic and pyridinic and, hence, is released as HCN. High heating-rates result in higher HCN 

formation at the expense of NH3. Increasing temperature increases the amount of NH3 formed until 

the point in which the majority of the volatiles have been released. At temperatures higher than 

1000 K, however, the relationship is the reverse and the predominating nitrogen compound becomes 

HCN. A higher pressure favors NH3 formation at the expense of HCN.  (Leppälahti and Koljonen, 1995) 

   With the aim of increasing the understanding of syngas combustion and the resulting nitrogen 

emissions, Giles et.al. used a numerical approach to study the NOx emissions formed during syngas 

combustion. Based on the composition of syngas used in a number of different power generation 

systems, two different types of syngas was simulated in the study; syngas A, which consisted of 50% 

H2 and 50% CO, and syngas B, consisting of 45% H2, 45% CO and 10% CH4 respectively. In the 

investigated scenarios, the NOx formed consisted almost exclusively of NO, with a negligible amount 

of NO2 formation. (Giles et.al., 2006) These results are consistent with those of Gao and Li, who 

studied the gasification of solid waste and the resulting emissions of SO2, NO and NO2 (2009). The 

amount of CH4 in syngas B decreases flame temperature, and thereby thermal NO formation. 

However, the formation of acetylene due to the CH4 content of the syngas greatly increases the 

formation of CH radicals and, by extension, HCN formation leading to an increases of prompt NO 

large enough to more than compensate for the decrease in thermal NO. The resulting NO formation 

is therefore higher in the case of syngas B, as is the amount of HCN formed. (Giles et.al., 2006) 
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Summary and Conclusion 

The aim of this literature study is to find rough estimates to be used when simulating MSW 

gasification and combustion of the resulting syngas. The estimates are by necessity rough. Research 

done on the gasification of MSW is scarce. The composition of MSW also varies significantly and the 

pollutant emission formation depends greatly on the process being used as well. All of these factors 

make exactness difficult, if not impossible, to achieve. However, some conclusions may still be drawn 

as to the types and amounts of components formed.  

   The composition of municipal solid waste depends on the country in which it is produced. 

Generally, however, two fractions can be distinguished that will contribute to the constitution of the 

gas produced during gasification or combustion, a cellulosic fraction and a plastic fraction. According 

to the ASTM standards, the cellulosic fraction of refused derived fuel (RDF) consists of approximately 

75%, with the remaining 25% constituting the plastic fraction. Most of the sulfur and nitrogen found 

in the MSW is found in the cellulosic fraction while the chlorine is found in the plastic fraction. 

(Sørum et.al., 2001) Based on this, it can be assumed that the behavior of the sulfur included in the 

MSW will behave similarly to that found in the biomass studied by Morrin et.al. (2012). Thus, a rough 

estimate gives that the sulfur will leave the gasifier in the form of H2S and the combustor in the form 

of SO2.  

   The behavior of the chlorine component of the MSW is to a greater extent dependent on the other 

components present in the feedstock. The chlorine is found in the plastic fraction of the MSW 

feedstock, more specifically in the PVC component of this fraction. The variation of the HCl emission 

ratio from the PVC component has been shown to vary greatly, from 3,4-91%. This makes predictions 

of the amount of HCl formed during the gasification process difficult. However, due to the 

uncertainties connected with estimating the actual composition of the MSW feedstock, a viable 

rough estimate of the HCl emission ratio may still be to assume an emission ratio of 1, as the error 

with regard to the MSW composition estimation may still drown the emission ratio estimation error, 

due to the small amount of chlorine present in the total MSW feedstock. 

   The formation of nitrogen components in the gasification product gas also depends on the fuel 

composition. A rough estimate based on Leppälahti’s and Koljonen’s results gives an average N2 

value of approximately 50% of the fuel-bound nitrogen. Similarly rough estimates for the NH3, HCN 

and nitrogen component in the tar gives 25%, 15% and 10% respectively. 
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 Research Objectives and Outline of the Work 1.7

The main objective of this thesis is to study the air pollution control system of a plasma gasification 

power plant using MSW as fuel for the gasification process. In particular, what is being studied is the 

amount of water and NaOH needed throughout the system to clean the flue gases sufficiently.  

Several steps were taken with the aim of reaching this goal. These are described below in the order 

in which they were taken: 

1. Literature Review 

In order to be able to simulate the APC system, information must be sought as to the 

composition of MSW and the type of pollutants that could be expected in the flue gas. To 

achieve this goal, a literature study was done and the results of this study can be found in 

section 1.6 Pollutant Formation during Syngas Production and Combustion above and section 

2.3 Composition of the Waste Fractions below. 

2. Model Building 

A simulation model of the APC system was built with the aid of the simulation software 

Aspen Plus and the results from the literature review. A description of the software and this 

model can be found in section 3 Process Simulation below. 

3. Case Studies 

Four different case studies were made, one for each type of MSW used, each consisting of 16 

cases. A factorial experiment design was used to set up the case studies and a description of 

the setup can be found in section 2.2 Cases below. The result of these cases studies can be 

found in section 4.2 Case Study below. 

 

The results are discussed in section 4.3 Discussion and a conclusion is formalized in section 5 

Conclusion. 
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2 Method  

A pilot Plasma Gasification and Melting (PGM) plant has been built in Yblin Israel (EER, 2012; Zhang 

et.al., 2012). It consists of an updraft moving-bed gasifier into which the waste is fed from the top. 

The produced syngas is combusted in an after-burner before being sent to a boiler. The steam from 

the boiler is used to run a steam turbine generating more than a sufficient amount of electricity to 

run the plasma torches and meet the electricity needs of the rest of the system. (Zhang et.al., 2012a)  

   As a part of the scale-up of the plant, the after-burner and boiler will be replaced by a Rankine cycle 

(see Fig 4 below). The flue gases will leave the boiler in the cycle and be fed to the air pollution 

control system. This air pollution control system will consist of a quencher, an absorption tower, a 

heat exchanger and a venturi scrubber, as can be seen in the flow sheet below (Fig. 4). Fresh water 

will enter the system and be recycled at several locations to achieve maximum utilization before 

leaving for the waste water treatment. NaOH will be fed to the fluid flow entering the absorption 

tower.  

 

Figure 9: Overview of the Power Plant. Published with permission of Johan Stenberg, www.johanstenberg.com. 

 

   The aim of this Master thesis project is to gain a qualitative understanding of the fresh water and 

chemical requirements of the system in order to alleviate the process of optimization of these flows. 

To achieve this goal, a simulation of the APC system has been built in the process simulation software 

Aspen Plus. Another model, built in Aspen Plus by Qinglin Zhang, has been instrumental in this 

project as well; an upgraded version of the PGM system described by Zhang et.al. in Properties and 

Optimizing Of a Plasma Gasification & Melting Process of Municipal Solid Waste (2012b). The syngas 

produced in the simulation is used as fuel in a Rankine cycle, also built by Qinglin Zhang, to get an 

estimate of the flue gas composition to be used in the APC model.  
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   Based on proximate and ultimate analyses of the waste intended as fuel for the gasification 

process, an approximate waste composition has been found which has been used in the PGM and 

Rankine cycle simulation models. The resulting flue gas has then been used when studying the APC 

system. Several cases have been run in order to gain an understanding of the system. In order to 

further increase understanding, the results of the case study has been compared with similar cases 

run on different waste compositions; one composition which can be said to represent an average 

waste composition in a developing country, one which can be said to represent the plastic fraction of 

MSW and one which can be said to represent the biomass fraction of MSW.  

   The water entering the APC system passes through up to five different splitters on its way through 

the system. Two streams leave each splitter, adding up to a total of ten different streams. The flow 

rate through these streams can be varied, thus affecting the performance of the APC system. In order 

to be able to study the effect of varying these flows, a factorial experiment analysis of variance was 

used. 
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 Factorial Experiment Analysis 2.1

Factorial analysis can be said to be the study of what “causes” a “consequence”. Often enough, the 

variables that play into the occurrence of an event are more than one. A car that has driven of the 

road and crashed into a tree may have done so because the driver’s skill in handling a vehicle was 

poor, because the brakes were faulty, the speed at which it was driven was too high, or because 

there was a particularly slippery spot on the road just there.  

   One way to study what caused the accident could be to single out each of these potential causes 

and study the effect of each of them. One variable would then be driver competence. By changing 

driver and leaving the other variables, faulty brakes, speed and slippery patch of road, constant, it 

would be possible to study whether this was the cause of the accident. However, this method would 

not provide any information as to whether several variables in combination with each other are a 

necessary requirement for the accident to happen. Perhaps none of the variables, in and of 

themselves, are sufficient to cause the accident. It may be that the actual cause was the combination 

of the inadequate skill of the driver in combination with too high speed and bad road conditions. This 

method supplies no such information. (KTH, 2002; Fisher, 1951) 

   This is when factorial analysis, or factor analysis, comes in handy. When studying the car accident, 

the potential causes of the accident can be seen as factors that may or may not have contributed to 

the accident. These factors can be varied. For instance, the factor “driver” can be varied by replacing 

the driver with any number of other drivers. The number of drivers is the level with which the factor 

“driver” is being varied. Thus, if each of the k factors is varied on n levels, the total amount of cases 

to be studied will be nk. In this case, the k refers to 4; driver, brakes, speed and road. With four levels, 

this will give us 44 = 256 cases. (KTH, 2002; Fisher, 1951) 

   As can be seen, the amount of cases can quickly reach numbers that are too large to be feasible to 

study experimentally. Since the number of factors may be difficult to influence, a more practical 

approach to keeping the number of cases down is to decrease the number of levels to 2, resulting in 

a 2k experiment design. Thus, the amount of cases to be studied will be 24 = 16, an entirely feasible 

number. (KTH, 2002; Fisher, 1951) 

   Having only two levels to consider, they can be defined as “+” and “-“. In the scenario under 

discussion, “+” may be said to refer to the case in which the factor is the same as in the original 

situation, e.g. the driver is the same as the one driving the vehicle at the time of the accident, while 

“-“ refers to the factor having been exchanged, i.e. another driver is handling the vehicle.  
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Table 1: 2
4
 Factorial Experiment Setup. 

   A table can be set up based on the number of 

different cases possible. In case 1, all of the 

factors have been exchanged. This is the 

situation in which the accident would have 

taken place in spite of the car being handled by 

a different driver, the brakes functioning 

normally, the speed limit being kept and the 

road conditions being good. In case two, only 

the driver is the same as in the original 

scenario. All other factors have been changed. 

In case 7, another driver is operating the 

vehicle on a good-conditioned road, but with 

similarly faulty brakes and at the same speed 

as in the original scenario.  

   Thus, by using factorial analysis, it is possible to study, not only the effect of the individual potential 

causes of an effect, but the combined effect of several such causes. 

 

 

 

 

 

  

Case Driver Brakes Speed Road 

1 - - - - 

2 + - - - 

3 - + - - 

4 + + - - 

5 - - + - 

6 + - + - 

7 - + + - 

8 + + + - 

9 - - - + 

10 + - - + 

11 - + - + 

12 + + - + 

13 - - + + 

14 + - + + 

15 - + + + 

16 + + + + 
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 Cases 2.2

 As mentioned previously, the fresh water entering the APC system passes through up to five 

different splitters before leaving for the waste water treatment. Each splitter divides the flow into 

two streams. Increasing the flow in one of these streams will result in a decrease in the amount 

flowing through the other. It is therefore possible to define two levels simply based on two different 

fractions of flow through one of these streams, as the amount flowing through the other will be 

automatically defined. The flow through the fifth splitter is defined by a calculator block, leaving four 

splitters that can be manipulated.  

Table 2: Table of Case Study Factorial Experiment Setup. 

   In order to gain a qualitative understanding 

of the impact of changes in flow rates, a 

factorial experiment design can be used in 

which each of these four splitters is defined as 

one factor. As in the example given in the 

previous subsection, an experiment design 

based on four factors and two levels will result 

in 24 = 16 cases to be studied. Thus, using the 

splitter names as designated in the flow sheet 

(Fig. 5), we get a table of cases as that shown 

in Table 2. For each of these cases, several 

runs will be made in order to, by a method of 

trial-and-error, estimate the minimum amount 

of fresh water required to still be able to run 

the system with that flow arrangement. The case in which the smallest amount of water is required 

will then be deemed to be the optimal case.  

   The flow fractions to be manipulated are: 

 Splitter 1: the flow fraction to the DCS. 

 Splitter 2: the flow fraction to the absorber. 

 Splitter 3: the flow fraction recycled to the DCS. 

 Splitter 4: the flow fraction to the cooler. 

The “-“ sign will refer to a flow fraction of 0,4 and the “+” sign will refer to a flow fraction of 0,5. 

  

Case SPLIT-1 SPLIT-2 SPLIT-3 SPLIT-4 

1 - - - - 

2 + - - - 

3 - + - - 

4 + + - - 

5 - - + - 

6 + - + - 

7 - + + - 

8 + + + - 

9 - - - + 

10 + - - + 

11 - + - + 

12 + + - + 

13 - - + + 

14 + - + + 

15 - + + + 

16 + + + + 
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 Composition of the Waste Fractions  2.3
To get a better understanding of the effect of various waste compositions on the produced syngas 

and resulting flue gas from the syngas combustion process, several different MSW compositions 

were used in simulations. A generic MSW consists of two fractions, one plastic and one biomass 

fraction. As was described previously in section Municipal Solid Waste, these two, already 

heterogeneous fractions, differ in relative amounts in the waste depending on factors such as season 

of the year and the socio-economic status of the waste producers. Among other, MSW generated in 

developed countries differ from that of developing countries in moisture content and relative 

amounts of plastic and biomass.  

   Two accommodate all of these possible variations within waste composition, four different types of 

MSW were chosen to be studied. Of primary interest is the waste produced in Israel. The proximate 

and ultimate analysis of this waste was described by Zhang et.al. (2012a). This waste is taken to 

represent a generic waste composition in a developed country. For comparative reasons, a waste 

composition from the city of Kuala Lumpur has been arbitrarily chosen to represent the waste 

composition of a developing country. To get a better understanding of the effect of the plastic and 

biomass fraction of the waste, these two have been studied separately. The two last waste 

compositions thus refer to the plastic fraction and the biomass fraction of the waste respectively.  

   As can be seen in the following, there is no chlorine content specified for two of the waste 

fractions; the biomass fraction and the fraction of waste produced in the developing country. This is 

to be expected, as chlorine in MSW is mainly attributed to the plastic fraction of the waste. It is 

therefore likely to find only negligible amounts of chlorine in the biomass fraction of the waste. Also, 

plastic waste is primarily associated with the consumption in developed countries. The amount of 

plastic waste produced in a developing country is much smaller and therefore the chlorine content in 

the waste can be expected to be much smaller as well. 
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2.3.1 Generic MSW as Produced in Developed Country 

 

The high calorific value MSW was estimated to have the same composition as that of the plant in 

Israel (Zhang et.al., 2012a) 

 

Proximate analysis: 

 Moisture: 30% 

 Fixed Carbon: 10,7% 

 Volatiles: 77,6% 

 Ash:  11,7% 

 

Ultimate analysis: 

 Carbon C 50,5% 

 Hydrogen H 5,6% 

 Oxygen O 30,7% 

 Nitrogen N 1,1% 

 Chlorine Cl <0,1% 

 Sulfur  S 0,3% 
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2.3.2 Generic MSW as Produced in Developing Country 

 

The low calorific value MSW was estimated to have the same composition as that of the city of Kuala 

Lumpur (Kathirvale et.al., 2003). 

 

Proximate analysis: 

 Moisture: 55,01% 

 Fixed Carbon: 4,37% 

 Volatiles: 31,36% 

 Ash:  9,26% 

 

Ultimate analysis: 

 Carbon C 46,11% 

 Hydrogen H 6,86% 

 Oxygen O 28,12% 

 Nitrogen N 1,26% 

 Chlorine Cl N/A 

 Sulfur  S 0,23% 
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2.3.3 Plastic Fraction of MSW 

 

Waste plastic fraction as given by Encinar and González (2008). 

 

Proximate analysis (dry basis): 

 Moisture: 0% 

 Fixed Carbon: 0,74% 

 Volatiles: 98,8% 

 Ash:  0,46% 

 

Ultimate analysis: 

 Carbon C 84,7% 

 Hydrogen H 13,7% 

 Oxygen O 0,89% 

 Nitrogen N 0,64% 

 Chlorine Cl 0,05% 

 Sulfur  S 0,02% 
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2.3.4 Biomass Fraction of MSW 

 

A representation of the biomass fraction of MSW was given by Luo et.al. (2010). 

 

Proximate analysis: 

 Moisture: 0% 

 Fixed Carbon: 16,25% 

 Volatiles: 74,32% 

 Ash:  9,43% 

 

 

Ultimate analysis: 

 Carbon C 54,91% 

 Hydrogen H 4,75% 

 Oxygen O 38,56% 

 Nitrogen N 1,52% 

 Chlorine Cl N/A 

 Sulfur  S 0,26% 
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 Case Studies 2.4

The aim of this project is to gain a qualitative understanding of how various factors will affect the 

total amount of water and chemicals required in the APC system in order to be able to estimate an 

optimal setup of the various flows throughout the system. Five different splitters divide and direct 

the flow of water through the various parts of the system. One of these, the fifth and last one, is 

defined by the principle of mass conservation. The remaining four can be varied in order to gain an 

understanding of how these variations will affect the total amount of water required by the system.  

   In order to gain as much information as possible from the cases studied, a factorial experiment 

design was chosen. The factors under study were the flow fractions from the four different splitters 

which were varied on two different levels; 40 and 50 wt%. Thus, a 24 factorial experiment design is 

generated producing 16 cases to be studied. 

   As one of the factors that may attribute to these required flow rates is the flue gas composition, 

flue gas from several different types of MSW is studied. The same 24 factorial experiment design is 

applied to each of them. In essence, this results in four different case studies, one for each type of 

waste, each consisting of 16 cases. The total amount of cases from which to draw conclusions is thus 

64. An overview of the case studies is given in the table below. 

 

Table 3: Case Studies. 

Case Study Cases 

Developed country MSW Dd 1 – Dd 16 

Developing country MSW Dg 1 – Dg 16 

Plastic waste P1 – P16 

Biomass waste B1 – B16 
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3 Process Simulation  

 The Software 3.1

Aspen Plus (Advanced System for Process Engineering) was developed for the Department of Energy 

(DOE) by the Massachusetts Institute of Technology (MIT). It is a steady-state chemical process 

simulation software used to estimate process performance parameters, as well as the costs 

associated with various process choices. The programming language used is Fortran, a language 

often used in many calculation intensive applications such as weather forecasting and climate change 

modeling. Unit operation blocks are used to describe the various processes involved. These are in 

turn combined with each other by mass, heat or work streams on a flow sheet. (Akunuri & Frey, 

1999; Lohr, 2002) 

   Unit operation blocks, such as pumps, heat exchangers, scrubbers and turbines, describe processes 

normally associated with these pieces of equipment. The user can specify values for process 

parameters, such as temperature and pressure drop, for each unit operation block defined. These 

blocks are connected with each other by mass, heat or work streams. (Magnusson, 2005) Parameters 

such as temperature, pressure and composition are defined for each feed stream in the flow sheet. 

Each block is calculated separately in the order in which they are connected with each other by the 

mass flow streams. The initial values of the individual streams are then manipulated as the streams 

pass the various unit operation blocks throughout the flow sheet. In the case of recycled streams, so-

called “tear-streams” are used by Aspen to iterate the values of the process (Magnusson, 2005).  

   Incorporated into Aspen are several chemical component databases from which chemical 

properties of pure components can be accessed (Magnusson, 2005). It is also possible to create user-

defined components. By means of adding Fortran statements, the user may also over-rule Aspen-

defined calculation processes. 

    

    

 

 

  



33 
 

 The Model 3.2

The APC system consists of a direct contact scrubber (DCS); acting as a quencher, an absorption 

tower, a heat exchanger and an entrainment separator (see Fig. 5 below). The DCS is essentially a 

spray tower. A general description of these pieces of equipment is given in section 1.5 Air Pollution 

Control above.  

   Fresh water at 25°C and a pressure of 1 bar is fed at three different locations; the DCS, the 

absorption tower and the entrainment separator (see Fig.5). Flue gases enter the quencher at a 

temperature of 204°C and a pressure of 1 bar, in which they are cooled by liquid being recycled from 

the absorption tower as well as the fresh water entering the DCS.  

   From the DCS, the flue gases continue to the absorption tower, where they meet a water and 

NaOH solution counter-currently. The NaOH concentration in the solution is 50 wt%. Gaseous 

pollutants are absorbed into the liquid, thus being removed from the gaseous flow. Once absorbed, 

they partake in reactions with the caustic soda in the liquid flow. Thus, acidic species, such as HCl and 

SO2, react with the NaOH according to the reactions: 

HCl + NaOH  NaCl + H2O 

SO2 +2 NaOH  Na2SO3 + H2O 

SO3 + 2NaOH  Na2SO4 +H2O 

The gas stream is also cooled down further. Part of the liquid stream is recycled and passes through a 

heat exchanger on the way back to the top of the column. Part of the liquid stream is returned to the 

Figure 10: Overview of the APC System. Published with permission of Johan Stenberg, www.johanstenberg.com. 
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DCS, as described above. The remainder of the liquid stream is fed to the entrainment separator. 

   The heat exchanger is cooled with liquid water at a temperature of 29°C and a pressure of 1 bar. 

The solution of 50 wt% NaOH at 25°C and 1 bar is fed into the liquid feed entering the heat 

exchanger from the absorption tower. 

   The flue gases leaving the absorption tower enter the venturi scrubber. The liquid used in the 

venturi scrubber is recycled from the entrainment separator. The entrainment separator receives 

liquid from two different sources; fresh water and water from the absorption tower.  Part of the 

water leaving the entrainment separator is recycled to the venturi scrubber. The rest is sent to 

wastewater treatment. 

   As electrolytes partake in the reactions taking place in the absorption tower, the property method 

chosen is the ELECNRTL activity coefficient model. This property model is the recommended one for 

these kinds of simulations. If no electrolytes partake in a simulation in which the ELECNRTL is chosen 

as property method, it will reduce to the NRTL property method. (Aspen Technology Inc., 1999)  

Table 4: Chemical Reactions as Defined by the Aspen Plus ELECNRTL Activity Coefficient Model. 

Type Reaction Formula 

Equilibrium 2 H2O ↔   H3O
+  +  OH- 

Equilibrium H2SO4  +  H2O  ↔  H3O
+  +  HSO4

- 

Equilibrium HSO4
-  +  H2O  ↔  H3O

+  +  SO4
2- 

Equilibrium HCl  +  H2O  ↔  H3O
+  +  Cl- 

Equilibrium SO2  +  2 H2O  ↔  H3O
+  +  HSO3

- 

Equilibrium HSO3
-  +  H2O  ↔  H3O

+  +  SO3
2- 

Dissociation NaCl    Na+  +  Cl- 

Dissociation Na2SO4    2 Na+  +  SO4
2- 

Dissociation NaOH    Na+  +  OH- 

   

 An overview of the entire APC system can be seen in the picture below. 
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Figure 11: Overview of the Aspen Simulation Model. 



36 
 

4 Results and Discussion 

 Model Validation 4.1

The simulation model of the APC system is built based on a process flow diagram supplied by 

Environmental Energy Resources Ltd (EER). Temperature, pressure and flow rate specifications of 

feed streams are set by the user. Exiting flows from the various pieces of equipment, however, 

receive their temperature, pressure and flow rates based on the processes they have just undergone. 

These, in turn, are based on accepted scientific theories and equations incorporated into the unit 

model blocks. Thus, a simple way to validate the model exists in the comparisons of these values 

with those specified by the process flow diagram. If the model has been built to, within reasonable 

limits, accurately describe the actual APC system, the values calculated by the Aspen Plus software, 

and those given in the process flow diagram, should not differ greatly. A comparison between the 

temperatures given in the process flow diagram for the 20 different streams, with the corresponding 

values given by Aspen Plus (Fig. 6) is shown in Table 3 below. 

Table 5: Validation. 

Stream Process flow sheet Aspen simulation Deviation 

FLUE-GAS 204 204 0 

DCS-ABS 84 83 1 

FG1 38 38 0 

ENTRAIN 36 41 -5 

TO-STACK 48 46 2 

ABS-LIQ1 73 73 0 

TO-DCS 73 73 0 

ABS-LIQ3 73 73 0 

TO-COOL 73 73 0 

ABS-RET 38 38 0 

TO-ENTR 73 73 0 

ENT-LIQ1 36 46 -10 

SCRUBWAT 36 46 -10 

BLOWDOWN 36 46 -10 

FRW 25 25 0 

FRW-A-E 25 25 0 

FRW-ABS 25 25 0 

FRW-ENT 25 25 0 

CWS 29 29 0 

CWR 43 42 1 
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As can be seen, the values calculated in the Aspen simulation are overall in good agreement with 

those given in the process flow diagram. Generally, where there is a deviation, the temperature in 

the Aspen simulation is higher than the one given in the process flow diagram. This can be explained 

by the fact that the simulation does not take into account heat losses throughout the system, an 

explanation which is in agreement with the temperature deviation increasing throughout the system. 
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Figure 12: Overview of Initial Aspen Simulation. 
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 Case Study  4.2

In order to get the flue gas composition, 2000 kg/h of each fraction was run through two different 

models; a plasma gasifier and a Rankine cycle. For the sake of comparison, the Rankine cycle model 

was constructed so as to produce flue gases of a temperature of 204˚C and a pressure of 1 bar. As 

mentioned in subsection Incineration above, flue gases leaving the superheaters in a boiler can be 

expected to have a temperature of about 200˚C.  

   The combustion process has been simulated as close to stoichiometric, with less than 0,1 wt% O2 in 

the produced flue gases. Four different flue gas compositions are generated this way, one for each 

type of waste. The initial fresh water flow entering the APC system has been estimated based on the 

amount of flue gases entering the APC system in such a way as to make the fresh water/flue gas flow 

rate relation the same as that of the initial simulation. The resulting fresh water flow rate is much 

higher than the required flow rate in all four cases and has been decreased to various extents in the 

following optimization. 

   In each case, three entering flows need to be optimized; the fresh water flow rate, the NaOH 

solution flow rate and the cooling water flow rate in the cooler. These three flow rates also affect 

each other.  As the flow rates through the splitters are defined as fractions of the total flow rate, the 

absolute values of the streams leaving the splitters will depend on the total fresh water flow rate 

entering the system. When the stream leaving SPLIT-4 is mixed with the NaOH solution, the 

temperature will increase. This temperature increase will depend on the flow rates in both of these 

streams. A higher flow rate leaving the splitter will result in a lower temperature increase, while a 

higher NaOH solution flow rate will cause a higher temperature increase. The cooling water 

requirement will in turn depend on both the flow rate and the temperature. A higher total flow rate 

entering the cooler will require a higher amount of cooling water, as will a higher temperature of the 

entering flow.   

   The interdependence of these flows decides the order in which the optimization process is done. As 

the cooling water requirement depends on the temperature and flow rate entering the heat 

exchanger, these values must be set first. As the temperature of the flow entering the heat 

exchanger cannot be too high, the amount of flow leaving the splitter must be sufficiently high with 

regards to the NaOH solution flow rate. This flow rate, in turn, depends on the amount of pollutants 

that need to be handled.  
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   Thus, the minimum NaOH solution flow rate is found based on the amount of pollutant leaving for 

the stack. Only trace amounts of HCl are acceptable, and no more than 0,035 g/mn
3 SO2. The SO2 

value is set based on Swedish legislative demands for new power generation plants with a fuel 

heating value of 50 MW or more (NVV, 2002). The entering fresh water flow rate is set to be the 

minimum amount required to ensure liquid water entering the cooler, and the cooling water 

requirement is the minimum amount required to achieve a temperature of 38°C leaving for the 

absorber. 

   The results from the case studies of the four different waste compositions are given below. 
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4.2.1 Developed country 

Based on the composition of the waste produced in a developed country, given in subsection 

Composition of the Waste above, the following flue gas composition was found: 

Mass flow [kg/h]: 

 H2O  21 889,175 

 CO2  54 865,430 

 N2  101 591,888 

 O2  118,826 

 HCl  52,430 

 SO2  286,562 

 NO2  861,868 

 ASH  1,638 

The results from the case study can be found in Table 4 below. 

Table 6: Developed Country Case Study Results. 

Case SPLIT-1 SPLIT-2 SPLIT-3 SPLIT-4 Total FRW Flow Cooling H2O Total H2O 

1 0,4 0,4 0,4 0,4 19450 1500 20950 

2 0,5 0,4 0,4 0,4 18507 1750 20257 

3 0,4 0,5 0,4 0,4 19054 1940 20994 

4 0,5 0,5 0,4 0,4 18930 2430 21360 

5 0,4 0,4 0,5 0,4 21004 1990 22994 

6 0,5 0,4 0,5 0,4 18580 1750 20330 

7 0,4 0,5 0,5 0,4 22599 3370 25969 

8 0,5 0,5 0,5 0,4 23718 4530 28248 

9 0,4 0,4 0,4 0,5 20567 2640 23207 

10 0,5 0,4 0,4 0,5 18789 2630 21419 

11 0,4 0,5 0,4 0,5 18767 2620 21387 

12 0,5 0,5 0,4 0,5 21060 4980 26040 

13 0,4 0,4 0,5 0,5 23040 4010 27050 

14 0,5 0,4 0,5 0,5 22968 5200 28168 

15 0,4 0,5 0,5 0,5 22010 4600 26610 

16 0,5 0,5 0,5 0,5 17790 2780 20570 

The lowest and highest flow rates in each column have been marked. As can be seen, the lowest 

fresh water feed does not coincide with the lowest cooling water requirement. Thus, the lowest total 

water flow rate does not need to coincide with either of them, although a stronger relationship can 

be found between the fresh water feed and total water requirement than between the cooling water 

requirement and the total water requirement. There is a difference of about 8000 kg/h between the 
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lowest and highest total water requirement, which is about 28% of the highest total water 

requirement. The NaOH solution requirement was 500 kg/h of 50 wt% NaOH solution in all cases. 

   Depicted graphically, the relationship between the fresh water feed, the cooling water requirement 

and the total water requirement can be seen in the following graph (Fig. 7).  

 

Figure 13: Developed Country Water Requirement. 

The relationship between the flow rate entering the cooler, the temperature of that flow and the 

cooling water requirement can be seen in the following graph (Fig. 8).  

 

Figure 14: Relationship between Temperature, Flow rate and Cooling Water Requirement for the Developed Country 
Cases. 

Here, the relationship between temperature, flow rate and cooling water requirement becomes 

apparent.  
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4.2.2 Developing Country 

Based on the composition of the waste produced in a developing country, given in subsection 

Composition of the Waste above, the following flue gas composition was found: 

Mass flow [kg/h]: 

 H2O  31 442,732 

 CO2  33 136,922 

 N2  68 054,102 

 O2  139,155 

 SO2  135,155 

 NO2  609,435 

 ASH  1,853 

The results from the case study can be found in Table 5 below. 

Table 7: Developing Country Case Study Results. 

Case SPLIT-1 SPLIT-2 SPLIT-3 SPLIT-4 Total FRW Flow Cooling H2O Total H2O 

1 0,4 0,4 0,4 0,4 20079 3060 23139 

2 0,5 0,4 0,4 0,4 18486 3120 21606 

3 0,4 0,5 0,4 0,4 15029 1610 16639 

4 0,5 0,5 0,4 0,4 20030 4420 24450 

5 0,4 0,4 0,5 0,4 21041 3450 24491 

6 0,5 0,4 0,5 0,4 20508 4010 24518 

7 0,4 0,5 0,5 0,4 14980 1590 16570 

8 0,5 0,5 0,5 0,4 18303 3620 21923 

9 0,4 0,4 0,4 0,5 23070 6500 29570 

10 0,5 0,4 0,4 0,5 15336 2630 17966 

11 0,4 0,5 0,4 0,5 26051 9810 35861 

12 0,5 0,5 0,4 0,5 13810 2260 16070 

13 0,4 0,4 0,5 0,5 24204 7220 31424 

14 0,5 0,4 0,5 0,5 22132 7220 29352 

15 0,4 0,5 0,5 0,5 22118 7210 29328 

16 0,5 0,5 0,5 0,5 19232 6190 25422 

Again, the lowest and highest flow rates in each column have been marked. The span between the 

smallest and largest water requirement can be seen to be larger than in the previous study, about 

19800 kg/h as compared to about 8000 kg/h, which amounts to about 55% of the highest total water 

requirement. These values do not coincide with those of the previous study either. The amount of 

NaOH solution is 170 kg/h for each case, a lower value than in the previous study due to the lower 

amount of pollutants.  
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The relationship between the fresh water feed, the cooling water requirement and the total water 

requirement can be seen below (Fig. 9), as can the large variations in water requirement found in this 

study.  

 

Figure 15: Developing Country Water Requirement. 

The relationship between the flow rate entering the cooler, the temperature of that flow rate and 

the cooling water requirement can be seen below (Fig. 10).  

 

Figure 16: Relationship between Temperature, Flow rate and Cooling Water Requirement for the Developing Country 
Cases. 
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4.2.3 Plastic Fraction of MSW 

Based on the composition of the plastic fraction of MSW, given in subsection Composition of the 

Waste above, the following flue gas composition was found: 

Mass flow [kg/h]: 

 H2O  11 732,564 

 CO2  64 368,054 

 N2  148 484,730 

 O2  126,072 

 HCl  34,054 

 SO2  25,828 

 NO2  668,414 

 ASH  1,783 

The results from the case study can be found in Table 6 below. 

Table 8: Plastic Fraction Case Study Results. 

Case SPLIT-1 SPLIT-2 SPLIT-3 SPLIT-4 Total FRW Flow Cooling H2O Total H2O 

1 0,4 0,4 0,4 0,4 25901 1520 27421 

2 0,5 0,4 0,4 0,4 22929 1230 24159 

3 0,4 0,5 0,4 0,4 22940 1230 24170 

4 0,5 0,5 0,4 0,4 22020 1480 23500 

5 0,4 0,4 0,5 0,4 25251 1270 26521 

6 0,5 0,4 0,5 0,4 22415 1010 23425 

7 0,4 0,5 0,5 0,4 22500 1040 23540 

8 0,5 0,5 0,5 0,4 21158 1110 22268 

9 0,4 0,4 0,4 0,5 25734 2160 27894 

10 0,5 0,4 0,4 0,5 22350 1470 23820 

11 0,4 0,5 0,4 0,5 24208 2560 26768 

12 0,5 0,5 0,4 0,5 21508 1880 23388 

13 0,4 0,4 0,5 0,5 23957 1200 25157 

14 0,5 0,4 0,5 0,5 26316 3750 30066 

15 0,4 0,5 0,5 0,5 26034 3590 29624 

16 0,5 0,5 0,5 0,5 24409 3650 28059 

The lowest and highest flow rates in each column have been marked. As in the previous study, the 

lowest total water requirement coincides with the lowest fresh water requirement. The difference 

between the lowest and highest total water requirement is about 8000 kg/h, or about 26% of the 

highest flow rate. The amount of NaOH solution required was 100 kg/h for all cases, again lower than 

in the previous studies due to the lower amount of pollutants.  
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The relationship between the fresh water feed, the cooling water requirement and the total water 

requirement can be seen below (Fig 11).  

 

Figure 17: Plastic Fraction Water Requirement. 

The relationship between the flow rate entering the cooler, the temperature of that flow rate and 

the cooling water requirement can be seen below (Fig. 12).  

 

Figure 18: Relationship between Temperature, Flow rate and Cooling Water Requirement for the Plastic Fraction Cases. 
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4.2.4 Biomass Fraction of MSW 

Based on the composition of the biomass fraction of MSW, given in subsection Composition of the 

Waste above, the following flue gas composition was found: 

Mass flow [kg/h]: 

 H2O  7 426,549 

 CO2  77 757,356 

 N2  113 864,992 

 O2  148,770 

 SO2  313,853 

 NO2  1 545,096 

 ASH  1,886 

The results from the case study can be found in Table 7 below. 

Table 9: Biomass Fraction Case Study Results. 

Case SPLIT-1 SPLIT-2 SPLIT-3 SPLIT-4 Total FRW Flow NaOH Cooling H2O Total H2O 

1 0,4 0,4 0,4 0,4 25133 780 2810 27943 

2 0,5 0,4 0,4 0,4 23372 790 2970 26342 

3 0,4 0,5 0,4 0,4 25006 780 3590 28596 

4 0,5 0,5 0,4 0,4 21736 790 2940 24676 

5 0,4 0,4 0,5 0,4 25758 780 3000 28758 

6 0,5 0,4 0,5 0,4 24296 790 3290 27586 

7 0,4 0,5 0,5 0,4 24505 790 3370 27875 

8 0,5 0,5 0,5 0,4 22190 790 3090 25280 

9 0,4 0,4 0,4 0,5 24908 790 3880 28788 

10 0,5 0,4 0,4 0,5 23818 780 4470 28288 

11 0,4 0,5 0,4 0,5 24438 790 4840 29278 

12 0,5 0,5 0,4 0,5 24427 790 4830 29257 

13 0,4 0,4 0,5 0,5 24595 780 3660 28255 

14 0,5 0,4 0,5 0,5 24418 790 4750 29168 

15 0,4 0,5 0,5 0,5 25777 780 5520 31297 

16 0,5 0,5 0,5 0,5 23954 780 5460 29414 

The lowest and highest flow rates in each column have been marked. The difference between the 

lowest and highest total flow rate is less than 7000 kg/h, or about 21% of the highest flow rate. An 

interesting feature in this study is the variation in amount of NaOH solution required. The total 

amount is greater than for all of the previous waste compositions, as is the amount of pollutants in 

the flue gases. Thus, it seems that the amount of NaOH required will vary depending on the choice of 

flow rates through the splitters, but that this variation will be negligible for smaller amounts of 

pollutants. 
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Depicted graphically, the relationship between the fresh water feed, the cooling water 

requirement and the total water requirement can be seen in the graph below (Fig. 13).  

 

Figure 19: Biomass Fraction Water Requirement. 

The relationship between the flow rate entering the cooler, the temperature of that flow rate 

and the cooling water requirement can be seen below (Fig. 14).  

 

Figure 20: Relationship between Temperature, Flow rate and Cooling Water Requirement for the Biomass Fraction Cases. 
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 Discussion 4.3

Increasing the flow rate of the NaOH solution results in an initial decrease in fresh water required. 

However, the heat release due to the mixing of the chemicals increases proportionally to the 

increase of NaOH solution and a lower amount of fresh water will eventually not suffice to keep the 

temperature below 100˚C, upon which time the simulation will fail due to vapor entering the heat 

exchanger. Up to a certain amount of pollutants in the system it will be possible to decrease the 

amount of fresh water entering the system due to the lower amount of NaOH required. Thereafter, 

the large amount of NaOH required will require more fresh water. This has been the case is all of the 

simulations above. 

   Below is a table summarizing the findings of the various case studies (Table 8). As can be seen, no 

case clearly stands out as the optimal case for all four waste compositions. Case 8 stands out as 

requiring the highest amount of water in two of the studies. 

Table 10: Result Overview. 

Type of Waste Highest 
flowrate  
[case #] 

Highest 
flowrate  

[kg/h] 

Lowest 
flowrate  
[case #] 

Lowest 
flowrate 
 [kg/h] 

Variation  
[kg/h] 

Variation 
[%] 

Developed 
country 

8 28248 2 20257 7991 28,29 

Developing 
country 

11 35861 12 16070 19791 55,19 

Plastic 8 30066 14 22268 7798 25,94 

Biomass 15 31297 4 24676 6621 21,16 

   Below is a graph depicting the total water required for the developed country and developing 

country waste compositions (Fig. 15). An added trendline points toward an increased amount of 

water required. Higher case numbers are generally signified by higher amounts of water being 

recirculated. 
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Figure 21: Comparison between Developed and Developing Country Total Water Requirement. 

   The cases that require the lowest amount of water, less than 21000 kg/h, are 1,2,3 and 6 for 

developed country waste and 3, 7, 10 and 12 for developing country waste. The cases that require 

the largest total water flow rates are 7, 8, 12, 13, 14 and 15 for developed country waste and 9, 11, 

13, 14 and 15 for developing country waste, again indicating that a lower amount of water being 

recirculated is beneficial for optimizing the amount of water required. 

   A general conclusion based on the performed case studies is that case 3 is a good initial estimate of 

the optimal set up. In this case, 40 wt% of the total amount of fresh water is led directly to the direct 

contact scrubber, 50 wt% of the remaining fresh water to the absorber, 40 wt% of the liquid leaving 

the absorption tower is recirculated back to the direct contact scrubber and 40 wt% of the remaining 

liquid from the absorption tower is led to the heat exchanger followed by the absorber. Although not 

a part of the actual case study, it is interesting to note that, in the original simulation, no water at all 

was sent to the DCS. It was not possible to run that simulation without any water sent directly to the 

absorption tower, even when large amounts of water where sent to directly to the DCS. Taking this 

into consideration, in combination with the findings of the case study, it would seem as though, in 

order to achieve the optimal amount of total water requirement in the system, the initial fresh water 

sent directly to the absorber should not be neglected. 

   Based on the findings from the case studies, it also becomes apparent that the optimal set up must 

be found based on the actual composition of the flue gas intended for cleaning. Case 3 may function 

as a good initial estimate before such an optimization has been done. Thereafter, further 

optimization is needed. 

   The NaOH solution requirement does not vary much depending on the amount of water required, 

but depends on the initial amount of pollutants in the flue gases. Only at very high pollutant levels 

does the amount of NaOH solution start to vary. 

15000

20000

25000

30000

35000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Total Water Requirement [kg/h] 
Developed Country

Developing Country

Linear (Developed
Country)

Linear (Developing
Country)



51 
 

5 Conclusions 

A fractional experiment design was used to find the optimal flow rate constellation in an Aspen Plus 

simulation of an air pollution control system. Four different types of waste were used; one 

representing MSW produced in developed countries, one representing MSW produced in developing 

countries, one representing the plastic fraction of MSW and one representing the biomass fraction of 

MSW. Two conclusions could be drawn based on these four case studies.  

   For one thing, the amount of NaOH required for the flue gas cleaning depends primarily on the 

composition of the flue gas. Only at very high pollutant flow rates does the NaOH requirement start 

to vary slightly based on the amount of cleaning liquid being recirculated through the various pieces 

of equipment in the system. 

   Also, the optimal set up in terms of flows through the various splitters in the system depends 

greatly on the composition of the flue gases, making it difficult to propose any kind of universally 

applicable set up. It does appear as though the total amount of water required by the system will 

increase with an increased amount of recirculation. However, the linear dependence is very weak. 

Case 3 stands out as a case with low water requirement. Thus, this case can be used as an initial 

point of departure from which an optimal case for the specific flue gas composition in question can 

be found. This is a case in which 40 wt% of the entering fresh water is sent directly to the DCS, 50 

wt% of the remaining fresh water is sent to the absorption tower, 40 wt% of the liquid leaving the 

absorption tower is recirculated to the DCS and 40 wt% of the remaining liquid leaving the 

absorption tower is sent to the heat exchanger before being recirculated back to the absorption 

tower.  
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