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ABSTRACT 

Solid waste management is challenging and incineration technique is more preferred to 

other methods in reduction of mass and volume, removal of odour and energy recovery in both 

industrial and residential environments. The challenges facing residents at Njokerio, Ng’ondu 

and Green Valley areas included poorly designed open-wastes collection systems, exceeding 

incinerator loading rates, inappropriate operating temperature levels and inadequate design 

specifications. Objectives of this study were to characterize solid wastes, determine and assess 

factors influencing incineration performance and to simulate air flow patterns and velocity 

profiles for small-scale incinerators. Solid wastes collected from study areas were sun dried for 

three days, chopped into small pieces then separately packed into containers. Equipment used 

were eight small-scale incinerators, two muffle furnaces, flue gas analyser, electronic weighing 

balance, dryer, vibrator and chopping machines and air flow metre. Data collected was 

statistically analysed to determine trends, means, F-values and Least Significant Different at 

5% confidence level. Characterized mean values for moisture content, volatile matter, ash 

content, fixed carbon were 41, 33, 15 and 11%, respectively while density had 257 kg/m3 and 

calorific values had 10 MJ/kg. Incinerating wastes at varying moisture contents (MC) from 15 

to 75% produced mean emission values for carbon monoxide (CO), carbon dioxide (CO2), and 

hydrocarbon (HC) ranging between 5 and 11 ppm, 5 and 14%, and from 508 to 1168 ppm, 

respectively. Varying incinerator loading rates from 15 to 75 kg/h yielded means CO ranging 

between 5 and 12 ppm, CO2 from 5 to 14%, and HC between 252 and 1096 ppm. Moreover, 

increasing operating temperatures from 180 to 900oC contributed to mean values for CO, CO2 

and HC emissions ranging from 14 to 5 ppm, 15 to 6% and 1253 to 316 ppm, respectively. 

Simulation of Egerton University dispensary incinerator had a maximum air flow velocity of 

5.2 m/s resulting into the best incineration performance while Community Resource Centre 

had the lowest of 1.9 m/s. Air flow and velocity profiles simulations of circular base-shaped 

incinerator model, projected best performance yielding maximum velocity of 6.4 m/s, whereas 

triangular base-shaped had the lowest of 4.3 m/s. High moisture contents, overloaded 

incinerators and low operating temperatures contributed to high gases emissions, leading to 

dark and dense smoke which resulted into incomplete combustion implying poor incineration 

performance. Wastes incineration at low loading rates, low moisture content and high operating 

temperatures produced finest and grayish white bottom ash, low levels of carbon and complete 

combustion. The small-scale incinerators are not incorporate with air pollution control devices 

hence cannot fully meet the emissions standards, although can lower if operated effectively.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Solid waste management remains a big challenge in many parts of the world today. 

However, there are various waste disposal methods used to minimize solid waste such as 

recycling, open dumping, composting, landfilling, and incineration. Among these methods, 

incineration has become more popular in both industrial and residential environments. The 

solid waste characterization is a major factor, considered as a basis for the design of efficient, 

cost effective and environmentally compatible waste management system. The characterization 

of waste includes moisture content, fixed carbon, density, volatile matter, ash content and 

calorific value as emphasized by De Medina et al. (2013), Katiyar et al. (2013) and Ogwueleka 

(2009). The information on both waste quantities and composition is vital for monitoring 

progress towards best waste management option which includes garbage reduction and reuse 

for diverting materials from disposal facilities as Osei-Mensah et al. (2014) explicitized.   

The incineration processes results in very significant waste energy recovery, odour removal 

and reduction of mass from 80 to 85% and volume between 95 and 96% for safe disposal on 

land, or in underground pits as reported by Astrup et al. (2011) and Manyele et al. (2011). This 

process involves waste drying, volatilization, combustion of fixed carbon and char burnout 

followed by combustion of vapours, gases and driven-off particulate residues as specified by 

Van Caneghem et al. (2012) and Chang et al. (2009). The combustion process depends upon 

the design, air mixture held at high temperatures, long resident time to allow complete 

oxidation and enough turbulences of gases as Omari (2013) and Lombardi et al. (2013) 

expressed. These furnace conditions assures complete destruction of even the most stable 

organic compounds. In their study Petridis and Dey (2018) and Chen et al. (2010) established 

that plant incineration performance was subject to wastes quality and quantity and varies over 

time in certain locations due to variability in solid waste generation and seasonality.  

High moisture content and poor turning of solid wastes will lead to incomplete combustion 

resulting into high energy consumption, high environmental pollution and high exposure risks 

as observed by Neuwahl et al. (2019) and Würdemann and Van-Veen (2002). According to 

Oumarou et al. (2012), high moisture content is responsible for the low calorific value, a longer 

residence time as well as combustion instability and low efficiency. The operating temperatures 

is a function of waste heating value, furnace design, air admission, combustion control of 

enclosure materials and bottom ash quality and quantity as described by Tchobanoglous and 

Kreith (2002). The incinerators overloading results into poor combustion burndown, causing 
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excessive emissions due to rapid generation of volatile matters leading to overfilling of 

secondary chambers. Under-loading on the other hand, results into inadequate thermal input 

and necessitate use of auxiliary fuel to maintain the desired set point temperature as 

recommended by Tao et al. (2017) and Moora et al. (2012). The operating temperatures of 

above 850°C and gas holding time of two seconds were needed for dioxins and furans and other 

persistent pollutants full destruction as Zhu et al. (2013) established.   

The products of incomplete combustion range from low molecular weight hydrocarbon to 

high molecular weight compounds (including dioxins and furans) which cause serious health 

effects as emphasized by Zhang (2012), Park et al. (2013) and Wu et al. (2014). The carbon 

monoxide (CO) arises in furnaces where there is deficiency of oxygen for full oxidation and is 

a product of incomplete combustion. The CO is an important indicator of combustion processes 

and quality criterion for level of flue gases. According to Neuwahl et al. (2019) the facility CO 

is measured continuously and its daily average means should be below 50 ppm. The volatile 

organic compounds are products of incomplete combustion covering a wide range of 

compounds, as they include carbon chains having high vapour pressure as expressed by Quina 

et al. (2011) and Xie et al. (2010). The greenhouse gases (GHG) consisting of carbon dioxide, 

methane, nitrogen dioxide, chlorofluorocarbons and ozone. The GHG causes sporadic changes 

in weather patterns and could make parts of the planet uninhabitable as established by Ujam 

and Eboh (2012), Chen and Lin (2010) and Muriithi (2009). Other emissions from incinerators 

includes carbon monoxide, hydrocarbon, hydrogen chloride, sulphur oxides, dioxins and 

furans. The dioxins and furans are highly toxic pollutants that have been linked to types of 

cancers, liver problems, endocrine and reproductive systems. These pollutants persist in the 

environment for long periods, bioaccumulation in plants and animals and have been identified 

for elimination as Government of Nunavut (2012) recommended. 

The main problems associated with incineration processes are large volume of gaseous 

emissions which may pose environmental health risks and hazardous solid residues that remain 

after as fly ash and bottom ash as established by Park et al. (2013) and Quina et al. (2011). The 

bottom ash is highly toxic and handling raises serious concerns to exposed workers, sometimes 

with little or no protective gear as expressed by Xie et al. (2010) and Rogers and Brent (2006). 

Moreover, lack of secure landfills for bottom ash may lead to it being dumped in unlined pits, 

where it runs the risk of contaminating groundwater. Sometimes the dioxin-rich ash residues 

find its way into the towns dumpsites (Earle, 2003; Guendehou et al., 2006; Thompson & 

Anthony, 2005). The fly ashes collected in air pollution control equipment consists of smaller 

and lighter particles residues in flue gases and is highly poisonous if allowed into the 
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environment as observed by Bernardo (2011). These problems occur due to non-performance 

of incineration facilities.  

The simulations shows detailed flow combined with mass and heat transfer, effects on air 

velocity and temperature distribution in combustion zone. It  also exhibits concentration of 

evaporated solvent in thermal drying oven and provides flexibility to change design parameters 

as illustrated by Sachdev et al. (2012). The chimney emission parameters used in assessing the 

performance of air pollution control devices includes flue gases pressure, velocity, moisture 

content levels, smoke opacity and sizes of particulate matter. Health and safety is a conscious 

priority and should be integrated into all aspects of incineration operation facilities. Incinerators 

should be designed to identify, evaluate and control safety and hazards as UNEP (2019) and 

Castellani et al. (2014) established.  

The Environmental Management and Co-Ordination Act stipulates corresponding duties, 

mandatory policies and strategies of solid waste management under supervision of the National 

Environment Management Authority. The standards/limits regulations specify requirements 

for waste segregation into wet, dry or special and restriction on material disposal using 

incineration or landfill. It also include levy fees, provision of on-spot fine on littering, 

environmental clearances for disposal facilities, composting and mandatory annual reporting 

on operations as recommended by Kumar et al. (2017) and White and Heckenberg (2012).  

1.2 Statement of the Problem  

The urban development, population increase and changes in consumption pattern have 

directly resulted in the generation of enormous amount of waste, ranging from biodegradable 

to synthetic. The physical and chemical characteristics of solid waste from the study areas such 

as moisture contents, volatile matters, ash content, fixed carbon and calorific values and their 

effects on incineration performance remained unknown.  

The practice of open burning outside incinerators and continuous emission of noxious 

heavy dense smoke that are carried to home causes distress to the residences. Besides, large 

quantities of unburned plastics, papers, woods, and gauze in the bottom ash exhibited 

incomplete wastes combustion and poor solid waste handling. Low operating temperatures and 

overloading of incinerators with high moisture content in solid wastes were found to be 

possible causes of incomplete combustion and emissions of dark and dense smoke opacity from 

chimneys. There were also notable deficiencies in air flow inlet designs and construction of the 

subjects investigated which contributed to poor performance, low incinerator operating 

temperatures, incomplete waste destruction and fugitive emissions. The effective solid waste 
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management is important for estimating material recovery potential, identifying sources of 

component generation, facilitate design of processing equipment, estimate physical, chemical, 

thermal properties and incineration of the waste and to maintain compliance with national law 

and directives. Among these methods, incineration has been preferred since it would highly 

reduce waste and tendency of open-burning.  

1.3 Objectives  

1.3.1 Broad objective 

The broad objective of the study was to evaluate factors affecting the performance and 

simulations of small-scale solid waste incinerators at Njokerio, Ng’ondu and Green Valley 

areas in Njoro, Kenya.  

1.3.2 Specific objectives 

The specific objectives were to:  

i. Determine the characteristics of solid wastes from Njokerio, Ng’ondu and Green Valley 

areas.  

ii. Determine and assess the factors influencing the incineration performance and 

emissions of small-scale solid waste incinerators.  

iii. Simulate the air flow patterns and velocity profiles for the small-scale incinerators.  

1.4 Research Questions 

i. How would the characteristics of solid waste from Njokerio, Ng’ondu and Green Valley 

areas be determined?  

ii. How would factors influencing the incineration performance and emissions of small-

scale solid waste incinerators be determined and assessed? 

iii. How would the air flow patterns and velocity profiles for the small-scale incinerators 

be simulated?  

1.5 Justification of the Study 

In this research, the effects of solid waste incineration at varying moisture contents, loading 

rates, operating temperature levels and small-scale incinerators simulations were determined; 

while smoke opacity and bottom ash residues were assessed. It was confirmed that the Egerton 

University dispensary small scale incinerator had the best incineration results hence was used 

as the standard for others. Simulation of air flow patterns and velocity profiles showed that 

circular-base shaped incinerator was more preferred to other design models since it had the best 

incineration performance. The increased solid waste dumping, handling and issues of open-
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burning from the study areas has resulted into increased environmental degradation due to some 

components of hazardous waste including the heavy metals and organic pollutants. The 

degraded environment can be breeding grounds for other social ills such as impaired health or 

declined social cohesion. The research identified and quantified factors influencing the 

performance and emissions of small-scale solid waste incinerators and suggested feasible 

recommendations based on concrete findings of the study. These findings would also enable 

planners and policy makers to take appropriate actions that are helpful for improving efficiency 

in solid waste disposal. Maintaining the overall cleanliness of Egerton University and its 

environs would contribute significantly to the quality of life, health as well as sanitation. 

1.6 Scope and Limitations  

The study characterized solid wastes sampled from Njokerio, Ng’ondu and Green Valley 

areas based on moisture content, volatile matter, and ash content, fixed carbon, density and 

Calorific Value. The incineration performance was evaluated in terms of carbon monoxide 

(CO), carbon dioxide (CO2) and hydrocarbon (HC) emissions including the assessment of 

smoke opacity and bottom ash residues. The incinerator design models were simulated using 

square, rectangular, circular and triangular based shapes and the study involved eight (8) small-

scale incinerators. This research was confined to solid wastes from residential environment, 

but did not analyze potentially infectious medical waste; hazardous waste; special waste which 

includes chemicals and x-rays waste; industrial process waste such as electronics, biomedical 

and chemical drugs, cells and batteries.  

1.7 Definition of Terms 

Agricultural wastes: Agricultural waste includes spoilt food remains, vegetable, grass and 

litters from farm yards, animal manures, plants and others vegetation. 

Air Pollution: Air pollution is presences of harmful materials into environment which interfere 

significantly with comfort, health and welfare of persons, or use and enjoyment of properties.  

Air Pollution Control Devices: Air pollution controls are the equipment/devices used to lower 

or eliminate pollutions to environment as part of engineering controls on emission sources. 

Air Quality Standards: Air quality standards is the level of pollutants by law that cannot be 

exceeded during a specified time in a defined area. 

Bottom Ash: Bottom ash are residues collected from incinerators after completion combustion 

process by municipal, industrial, hospitals and apartments.  
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Calorific value: Calorific value is the substance heating energy set at free incineration process 

for unit of mass (or volume) derived from coals, wastes, natural gases or petroleum products. 

Categorization: Categorization is the process of sorting, arranging or organizing various 

things/elements into classes considering objects, events and people.  

Waste Characterization: Waste characterization is the process by which composition of 

different garbage materials is analysed. Its helps in planning how to reduce waste, set up 

recycling programs, and conserve money and resources.   

Commercial waste: Commercial waste includes groceries, leftovers food, broken bottles, 

plastics and ash from motels, supermarkets, cyber and barbecues. 

Emission: Emission is the act of sending or throwing out specific pollutants through waste 

incineration at the chimneys.    

Fly Ash: Fly ash comprises of small and light fine residues generated from combustion 

chambers entrained in flue gas and collected in air pollution control devices. 

Hazardous Wastes: Hazardous wastes are those which are dangerous to living organisms in   

the atmosphere, immediately or after some time to due to its disposal and may be ignitable, 

corrosive, reactive and toxic.  

Incineration: Incineration is a process of destroying wastes in a controlled burning at high 

temperature, oxidizing carbon and hydrogen, converting into inert, generates heat energy and 

reduces its mass and volume.  

Incinerator: Incinerator is a device/structure intended primarily to incinerate waste for purpose 

of reducing its volume, destroying hazardous or infectious substance at a controlled burning 

and ventilation processes. 

Industrial wastes: Industrial waste include chemicals, paint containers, explosives, furniture, 

refrigerators, home appliances, plastics and polythene papers.  

Institutional waste: Intuitional wastes are generated from schools, colleges and offices which 

includes papers, rubber, polythene papers, clothes, hand glasses. 

Isothermal process: Isothermal processes takes place at a constant temperatures, where 

isothermal expansions adding of heat is continuous while in isothermal compressions there is 

continuous removal of heat.  

Model: Model is a system of postulates, data, material, visual and inferences presented as 

mathematical or computational with description of entity or state of affairs and is used in 

construction of scientific theories.  

Modelling: Modelling is the processes of model representations and allowing ideas to be 

investigated including constructions or creation of artefact forms.   
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Monitoring: Monitoring is periodic or continuous surveillance or testing to determine levels 

of compliance with statutory requirements and the pollutant levels in various media or in 

humans, animals, and other living things. 

Municipal solid waste: Municipal solid waste includes thrown away materials like packages, 

clothes, plastics, polythene papers, photocopying papers, leathers, rubbers from residential, 

commercial, institutions and medical areas.  

Non-combustibles: The Non-combustibles materials are not capable of burning or catching 

fire remaining after combustion processes and includes inert materials like glass, soil, sand, 

stones and metals. 

Open Burning: Solid waste open burning is uncontrolled incineration of combustible materials 

resulting into incomplete combustion, directly releases harmful pollutants into environment.  

Performance: Performance is the act of carrying an execution, achievement, accomplishment 

and representation by action. 

Residential waste: Residential/Domestic refers to waste generation from dwellings, apartment 

and hostels includes leftovers, peelings, vegetable, clothing and ash residues from jikos.  

Residence time: Residence time also called holding or retention time is duration available to 

ensure complete mixing of air and fuel, hence complete incineration of solid wastes. 

Simulation: Simulation is to imitate a system operations in order to predict the actual 

behaviour and helps in optimization to pursue analysis, design, and control processes beyond 

reach of the decision makers. 

Small-scale incinerator: Small-scale incinerator ranges from 12 to 100 kg/hr of solid waste 

which includes the Vulcan and Sicin metallic and De-Montford bricks constructions designs. 

Smoke: Smoke is the flue gases, particulate matters and other incineration residues emitted 

into the environments through the chimneys.  

Smoke opacity: Smoke opacity is the obscuring power of the flue gases emissions expressed 

as a percent when viewed through the Ringelmann chart. 

Solid Waste: Solid waste is any garbage, refuse, sludge and other discarded material with low 

liquid content including the municipal, industrial, commercial, demolition, mining residues, 

agricultural and animal husbandry wastes. 

Solid Waste Minimization: Solid waste minimization is application of activities such as waste 

avoidance, reduction, reuse and recycling to minimize amount of materials requiring disposal.  

Solid Waste Management: Solid waste management is the process of handling, collecting, 

treating, and disposing discarded materials posing a wide variety of economic, administrative 

and social problems which must be managed and solved. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Solid Waste Incineration 

The solid waste incineration produces high levels of hazardous by-products of which only 

a handful has been studied thoroughly as emphasized by Miezah et al. (2015) and Buekens and 

Cen (2011). Some toxic emissions from incineration includes carbon dioxide, carbon 

monoxide, hydrocarbon, hydrochloride, heavy metals, dioxins, furans, Unintentional Persistent 

Organic Pollutants (U-POPs), fly ash and bottom ash as established by ENVILEAD (2005). 

According to Guendehou et al. (2006) and Batterman (2004),  municipal and medical solid 

waste incineration facilities are among the top sources of dioxins and furan released into 

environment making up to 1100 and 477 ngToxic Equivalent (TEQ) per year, respectively.   

Incineration is a controlled combustion process for reducing solid, liquid, or gaseous 

combustible waste materials into carbon dioxide, water vapor, other gases and noncombustible 

residues. A simplified schematic flow chart of incineration plant is illustrated in Figure 2.1.  

 

Figure 2.1: Simplified schematic flow chart of an incinerator 

Source: Neuwahl et al. (2019) and UNEP (2008)  

Incineration plant includes: waste reception and handling; combustion chambers; energy 

recovery; gaseous emissions clean-up facilities; on-site treatment of ash residues and waste 

water storage containers; chimney; controlling operations devices, recording and monitoring 
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conditions as explicitized by Quina et al. (2011) and Rimaitytė et al. (2010). The heat energy 

produced from incineration can be recovered either in form of electricity, heating hot water or 

steam in boilers. Exhaust gases leaving boilers carry noxious emissions which should be passed 

through flue gas cleaning system to remove pollutants, before being discharged to environment. 

Bottom ash from furnaces is disposed into underline pits, upgraded or used in road building 

construction. As observed by Tangri (2003), that despite intensive scrutiny over many years, 

much remains unknown about the releases of pollutants from waste open burning activities. 

2.1.1 Incinerator types 

The two main types of incineration facilities are the large scale and small-scale. Primary 

combustion chamber is constructed from high carbon steel lined with refractory bricks. Grates 

is made of treated high carbon steel to withstand high temperatures. Induced draft fan draws 

combustion gas from scrubber, maintaining flow to the chimney.  Stack is constructed of steel 

and sometime lined with refractory bricks and must be above 3 m taller than the tallest building. 

The incineration plant includes the pollution mitigation equipment for flue gas cleaning. 

a) Large scale incinerators   

The large scale incinerators can handle solid wastes of up to 35 metric tonnes per hour 

operating for over 8,000 hours per year with one scheduled inspection and maintenance period 

of one month as emphasized by Matee and Manyele (2015). Some of large scale types include; 

typical hopper rams assembly, single batch controlled-air, step hearths with automatic ash 

removal, moving gate, fixed grate, rotary kiln, fluidized bed, sludge and excess air incinerators 

as established by Guendehou et al. (2006) and Würdemann and Van-Veen (2002). The moving 

grate incinerator enables wastes movement through combustion chamber for high efficiency 

and complete combustion optimization. It also incorporated with air pollution control devices 

(APCD) and temperature control as well as flame ignition burners. According to Van 

Caneghem et al. (2012), asserted that large scale incinerators yet pollutes environment due 

frequent malfunction including poor operations and designs which can be alarming.  

b) Small-scale incinerators 

The loading rates for small-scale incinerators ranges from 12 to 100 kg/h, requiring small-

sized or shredded wastes and are built with locally available materials as clarified by Batterman 

(2004). A research done in Kenya by Taylor (2003) indicated inadequate quality control in 

incinerators’ construction phase leading to high level of emissions. Nevertheless, with proper 

material lists selection, an adequate plan, dimensional drawings, construction phase, quality 
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control and tolerance are important. The Vulcan and Sicin incinerators shown in Plate 2.1 and 

2.2 are some of the recommended small-scale types used for residential and medical facilities.  

 

Plate 2.1: Vulcan type small-scale incinerators. 

Source: Batterman (2004) 

 

 

Plate 2.2: Sicin type small-scale incinerator.  

Source: Batterman (2004) 
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The Vulcan and Sicin small scale incinerators can achieve up to 900oC, handling about 400 

kg/day of solid wastes. The incinerators are either rectangular shaped having length, width and 

height of dimensions 1.1, 0.75 and 2.5 m respectively, or a cylindrical shaped with height of 

2.5 m and diameter 1.2 m as established by Batterman (2004). The unburned bottom ash falls 

through grates during burning process making the removal easier once sufficient amount has 

accumulated. Combustion air enclosed in Vulcan and Sicin is typically provided by air blower 

at the bottom of incinerator allowing for better mixing with burning garbage. The combustion 

heat from primary chamber and radiant heat from furnace walls dries up solid wastes as burning 

continues. The vaporization of volatile components and moisture content in wastes passes 

along with flue gases to secondary chamber maintaining a temperature of 850°C for complete 

combustion. Flue gases exiting are directed to the chimney or through APCD. The De-Montfort 

small-scale bricks constructed incinerator type is illustrated in Figure 2.2. 

 

Figure 2.2: De-Montfort small-scale bricks constructed incinerator type. 

Source: Ombacho (2009) 

Moreover, Niessen (2010) established that De-Montfort constructed bricks incinerators had 

a capacity of destroying completely the combustible residential and medical solid wastes. The 
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De-Montfort-bricks is manufactured using locally available fabricated metal parts, firebricks 

and structure’s assembly using Portland cement for walls constructions and refractory cement 

for firebricks bonding. The incinerators comprises of primary and secondary combustion 

chambers as expressed by Talsania and Modi (2019). The accessible primary combustion 

chamber has a front door for wastes loading, air-vent door that allows air in, fire lighting and 

bottom ash removal container. However, inaccessible secondary combustion zone, partitioned 

by a column of bricks from the primary, has  a bottom opening for cross-draft  induction and 

auxiliary burners necessary for operations as expressed by Ombacho (2009).    

2.1.2 Combustion processes  

The combustion process is a rapid chemical combination of combustible fuel elements with 

oxygen. According to El-Mahallawy and Habik (2002) when excess air exceeds stoichiometric 

point, temperature is lowered due to used up energy in heating air from ambient to combustion 

as presented by Figure 2.3. Moreover,  Bradfield (2014) reported that European legislation 

imposed a minimum gas phase combustion temperature of 850ºC and at least two seconds 

residence time. In a report published by Ayaa et al. (2014), the maximum temperature 

attainable in an ideal case is 1000oC, but due to heat losses incurred, assumption is made to 

reach 850oC in one hour. When operating incinerators under very low temperatures, fluorine 

and chlorine is converted into hydrocarbon (HC) and hydrogen halides which reacts forming 

metal chlorides. However, hydrocarbon emissions is considered health hazardous due to its 

toxic reproduction properties, genotoxicity, immunotoxicity  and carcinogenic as expressed by 

Huang et al. (2016) and You (2008), hence it should be reduced.   

          

Figure 2.3: Relationship of temperature to excess air. 

Source: El-Mahallawy and Habik (2002) 
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The incineration of solid wastes containing oxygen (O2) compounds and being available in 

combustion process, less air is required as established by Basham et al. (2004). However, if 

incomplete combustion occurs, then carbon monoxide (CO) would be formed as illustrated by 

Rajput (2007) and El-Mahallawy and Habik (2002) in chemical Equation 2.1.  

   2C + O2 → 2CO + 24680 KJ Kg⁄  of C                          (2.1) 

The concentrations of oxygen and carbon dioxide in flue gaseous streams are useful 

indicators of complete combustion and are used to monitor combustion processes as expressed 

by Eastop and Mc-Conkey (2002). According to Manahan (2017), the cellulose component 

constituting of photocopying paper, cartons, newspaper and books waste stream products 

combustion reaction is shown in Equation 2.2. 

  𝐶5𝐻10𝑂5 + 5𝑂2 + 5 (
79

21
𝑁2) → 3𝐶𝑂2 + 2𝐶𝑂 + 5𝐻2𝑂 + 𝑂2 + 5 (

79

21
𝑁2) + 67,342 

𝐾𝐽

𝑘𝑔
   (2.2) 

2.2 Characterization of Solid Waste 

The characterization is necessary for different waste streams to ensure proper incinerator 

design and selection. The classification and characterization of different solid waste types is 

presented in Table 2.1.  

Table 2.1: Classification and characterization of solid wastes. 

 

Classification 

of Wastes 

Principle Components  
Moisture 

content 

(%) 

Incombustible 

solids (%) 

Heating 

Value (kJ/kg) 

Aux. fuel 

L/ton of 

waste 

Type 0 - 

trash  

Highly combustible 

Paper, plastics  
10 5 4,700 - 

Type 1 - 

rubbish 

Paper, wood, cartons 

cardboard, sweepings 
25 10 3,600 - 

Type 2 - 

refuse 

Rubbish and garbage  

from Residential  
50 7 2,400 - 

Type 3 -

garbage 

Food wastes, grains 

vegetable agricultural  
70 5 1,400 800 

Type 4 - 

organic  

Carcasses organics, 

organic wastes, animal 
85 5 550 1,670 

Sources: Basham et al. (2004)  

The amount and characteristics of solid waste generated depend on factors, like population, 

standard of living, season, life style, topography and industrialization (Kumar et al., 2017). The 
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proximate waste analysis is done to establish the composition and heating value in terms of 

components like fixed carbon, volatile matter, moisture content (MC) and ash content as noted 

by Talsania and Modi (2019), Salami et al. (2011) and Arsad et al. (2006). The type one (1) 

with trash or garbage wastes which emanates from residential apartments consisting of peeled 

material, vegetables, leftover scrapes food, wood pieces, plastics, ashes and clothes. The type 

three wastes had mean moisture content of 70% and calorific value (CV) of 1.4 MJ/kg while 

type two (2) had mean MC of 50% and CV of 2.4 MJ/kg. On the other hand, type zero (0) 

consist of papers, plastics, refuse which are highly combustible wastes having MC of 10 % and 

CV of 4.7 MJ/kg. As observed in Table 2.1, the first three types did not require auxiliary fuels 

when incinerating since their heating values were above 2.4 MJ/kg as recommended by Niessen 

(2010) and Moora et al. (2012). The proximate waste analysis which includes volatile matter, 

moisture content, ash content, fixed carbon, density and calorific values from various authors 

are shown in Table 2.2.  

Table 2.2: Solid waste proximate analysis from different authors. 

 

 

Authors 

Moisture 

content 

(%) 

Volatile 

matter 

(%) 

Fixed 

carbon 

(%) 

Ash 

content 

(%) 

Density 

(kg/m3) 

Calorific 

value 

MJ/kg 

Arsad et al. (2006) - 82.7 8.6 8.8 - 21.0 

Ayeleru et al. (2016) 62.6-65.5 21.8-22.9 6.3-10.3 5.4-5.9 - - 

Kalanatarifard and 

Yang (2012) 

54.0 16.0 16.0 14.1 - - 

Katiyar et al. (2013) 16.1-41.9 32.4-58.2 6.5-11.6 9.7-22.9 212-411 0.4-4.7 

Miezah et al. (2015) 25.0-75.0 31.0-88.0 - 2.2-19.0 - 13.9-29.9 

Omari (2013) 55.7-64.0 30.0-34.7 1.7-7.0 3.2-6.0 - 11.9-12.6 

Oumarou et al. (2012) 26.7-32.6 20.5-25.3 10.0-16.6 32.2-34.8 - 5.4-5.7 

Oumarou (2015) 17.4-23.3 19.3-34.5 11.1-26.9 31.6-37.4 - 5.0-5.9 

Sources: Various authors as in the table. 

In his study Omari (2013) noted that moisture content (MC) of solid wastes in Arusha, 

ranged from 56 and 64%. He also established that ash content (AC), volatile matter (VM) and 

fixed carbon (FC) ranged between 3 to 6%, 30 to 35% and 2 to 7% respectively. According to 

Oumarou et al. (2012) solid wastes proximate analysis in North-Central of Nigeria had MC of 

27 to 33%, VM of 21 to 25%, AC of 32 to 35%, FC of 10 to 17% and calorific value of 5 to 6 
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MJ/kg. However, in line with Oumarou (2015) the mean values of wastes proximate analyses 

for AC, MC, FC and VM varied from 32 to 37%, 17 to 23%, 11 to 27% and 19 to 35%, 

respectively. 

a) Moisture content  

Moisture content (MC) of solid wastes is that which moistens, making damp or wet hence 

lowering fuel quality as expressed by Ayeleru et al. (2016), Dong et al. (2016) and Suthapanich 

(2014). High MC decreases wastes heating value thus reducing the performance and efficiency 

because large amount of energy is used for vapourization which discourages the combustion 

sustainability (Arsad et al., 2006; Kuleape et al., 2014; Omari, 2013; Saeed et al., 2009). 

b) Volatile matter 

Volatile matter is the vapourizing or evaporating readily released under normal conditions 

by solid wastes during incineration. The volatile matter represents products that vapourize 

when drying/heating in a controlled condition of air flow, temperature and residence time as 

Pinasseau et al. (2018) expressed. During the devolatilization process, volatile matter is 

determined by heating in a covered crucible to avoid air contact, which is also used in 

determination of pyrolysis capability in wastes. High volatile matters indicates release of 

vapour combustion as free board of heating values as Astrup et al. (2011) and Chang et al. 

(2011) emphasized.  

c) Ash content 

Ash content is the residues (non-combustible matter) that remained after incineration of 

solid waste or substance at high temperature in a furnace. The fine particulate matters (PM) of 

fly ash in air would results into severe levels of environment pollution since it consists of 

elements like zinc, mercury, copper and lead (Bernardo, 2011; Chang et al., 2009; Suthapanich, 

2014). In their research Arsad et al. (2006) observed that solid wastes with high levels of plastic 

materials, its ash content reduced to 8.8% after incineration processes. On the other hand, 

Sørum et al. (2001) published that paper, cardboard, coal and plastics had mean ash content of 

20.2, 8.4, 5.7 and 0.4%, respectively. In a study conducted in Mexico, De Medina et al. (2013) 

established that ash content ranged between 18.6 and 11.1% which was considered optimal 

since it was lower than 50% where incineration techniques were possible. 

d) Fixed carbon 

The fixed carbon represented the solid carbon remnant in char after devolatilization process 

as noted by Oumarou et al. (2012) and Salami et al. (2011). Its determination is by removing 

moisture content, ash contents and volatile matter from the unit using Equation 2.1.  

          𝐹𝐶 = 100 − (𝑀𝐶 + 𝑉𝑀 + 𝐴𝑆)                  (2.3) 
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where 𝐹𝐶 is fixed carbon, 𝑀𝐶 is the total moisture content, 𝑉𝑀 is the volatile matter and 𝐴𝑆 is 

the ash content in percentage.  

e) Calorific value  

The calorific Value (CV) measured in units of energy per amount of material, joules per 

gram (J/g) is the heating value evolving substance/waste burned completely. The CV of 

samples can also be determined using a standard bomb calorimeter as specified by Oumarou et 

al. (2012). After drying and grounding samples of solid waste to small particles, they are sieved 

and then compressed forming pallets. The assembled bomb calorimeter is filled with oxygen 

at pressure of about 30 bars. The firing of bomb and after stabilization of temperature, the 

difference in values are recorded. In their findings Sørum et al. (2001) clarified that calorific 

value of plastics and paper/cardboard ranged from 40-50 MJ/kg and 19-17 MJ/kg, respectively. 

According to Rimaitytė et al. (2010), calorific value should not fall below 6.5 MJ/kg during 

wastes incineration otherwise, auxiliary fuel would be required in maintaining combustion. 

2.3 Factors Influencing Performance and Emission Levels from Waste Incineration  

The incineration performance and emission levels depend upon incinerator types, operating 

temperature levels, total time taken, turbulence of air/wastes and quality and quantity of flue 

gases emitted. The combustion objectives are organic constituent’s complete destruction, 

formation of non-polluting gases and preventing the releasing of any harmful material into 

environment. According to Moora et al. (2012) and Botter et al. (2002), adequate time and high 

temperatures was highly required if solid wastes was to be burned completely. Moreover, 

Liamsanguan and Gheewala (2008) asserted that properly controlled incineration processes 

provided high combustion efficiencies and maintained low gas emissions. According to 

Manyele et al. (2011), Rufo and Rufo J (2004) and Würdemann and Van-Veen (2002), the 

stack gas pressure must carefully be controlled to ensure removal of all flue gases at correct 

rate from combustion zone. Emission rates and exposures may be elevated due to use of waste 

with high MC; overloading of incinerators; low operating temperatures; poor design and sitting; 

and lack of emission limits, inspection and monitoring as emphasized by Zhu et al. (2013).  

2.3.1 Effects of moisture content on flue gas emissions 

The moisture content (MC) of mixed solid garbage has less than 20% while food wastes 

ranged up to 80% as Chang et al. (2009) clarified. The reduction of MC during incineration 

would decrease smoke opacity hence, increasing the combustion efficiency as explicitized by 

Basham et al. (2004) and Government of Nunavut (2012). According to Dong et al. (2016), by 

increasing MC, simultaneously decreases the heating values, hence MC should be lowered to a 
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range from 20 to 25% to guarantee high incineration performance. In practice, the additional 

MC should be prevented by providing covers on disposal containers to avoid rain water and 

humidity since high MC or low calorific value leads to combustion irregularities. High MC can 

also be reduced by passing hot air into the wastes which in turn speed up drying process and 

improves gasification and vapourization stage as expressed by Quina et al. (2011) and 

Würdemann and Van-Veen (2002). 

2.3.2 Influence of incinerator loading rate on flue gas emissions  

The overloading of combustion chambers blocks air flow which further prevents flue gases 

and oxygen mixing reducing the turbulences leading to increased emission levels. Holding of 

solid wastes in position long enough during incineration and preventing smaller types from 

falling through grate without being destroyed are necessary measures. According to Basham et 

al. (2004), the correct amount of wastes loading should be two third (2/3) full. Incinerating 

wastes at designed loading rates enables to maintain desired operating temperatures and 

safeguards the equipment. Waste incineration with very high calorific values may leads into 

exceeding its thermal capacity, resulting into high temperatures, damaging refractory wall and 

excessive emissions as established by Government of Nunavut (2012). The operator should 

mix high, medium and low heating value of waste when sorting incinerator loads, to match the 

designed rate of heat released avoiding overloading beyond its intended use as expressed by 

Batterman (2004) and UNEP (2008).  

2.3.3 Effects of incinerator operating temperature on emissions  

The operating temperature is a function of waste heating value, designed incinerator unit, 

supplied air and combustion control. Temperature exceeding 750oC with residence time of two 

seconds, causes combustion completeness of most household and food waste as expressed by 

Neuwahl et al. (2019). The designed incinerators for complex solid waste mixtures, hazardous 

and biomedical wastes must have high operating temperatures of above 1000oC and least two 

seconds holding time, ensures combustion completeness and minimization of dioxin and furan 

emissions. High incineration temperatures above 1050°C would results into complete 

incineration of all organic materials, low carbon monoxide and hydrocarbon emissions in flue 

gases as described by UNEP (2019). Higher operating temperatures is important since it leads 

to high gas velocity, low residence time and improved combustion efficiency. 

2.3.4 Assessment of smoke opacity at the chimney  

Smoke opacity is the degree to which particulate emissions reduces the intensity of 

transmitted photopic light and obscure the view of an object through ambient air, effluent gas 
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stream of given path length. The smoke opacity of 5 to 100% and dark and dense particulate 

matter are illustrated in Plate 2.3.  

 

Less than 5% Opacity       20-30% Opacity         90-100% Opacity 

   Plate 2.3: Dark and dense excessive particulate matter and low smoke opacity. 

Source: Government of Nunavut (2012) 

The fly ashes entrained in flue gases consists of small and light particulate matters (PM) 

which are mixed with used scrubbers sorbent and collected within air pollution control devices. 

The higher agitation caused by greater air flow would produce more fly ash in flue gases. 

According to Carson (2002), the presence of fly ash relates directly to the air turbulences and 

velocities in furnace chambers. Particulate matters of 𝑃𝑀2.5  comprises of carbon oxides, 

hydrogen halides, heavy metals, nitrogen oxides, sulphur oxides, dioxins and furans which 

must be reduced as emphasized by Bradfield (2014) and Würdemann and Van-Veen (2002). 

Additionally,  Botter et al. (2002) emphasized that increase in  particulate matter, 𝑃𝑀10 in fly 

ash caused an increase of 1.2 to 2.3% in hospital admissions for pulmonary, heart and 

pneumonia diseases hence 𝑃𝑀10 should be reduced in flue gaese. 

According to Ujam and Eboh (2012), incinerating wastes containing high volatile matters 

including plastics, polythene papers and rubbers produces large tar quantities and heavy smoke. 

The Ringelmann developed graduated black grids charts on white background as shown in 

Figure 2.4 and was used to assess and control emissions as explicitized by Ashley (2013). When 

the charts is placed approximately 33 metres away, the grid appears as grey shades, hence 

quantifying emissions by comparing with the corresponding shade on the charts. The smoke 

opacity observer standing at a sufficient far distance for clear emissions viewing with sun 

orientation sector at 140 degree to his/her back. 
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Figure 2.4: Ringelmann cards with graduated black grids on white backgrounds. 

Source: Ashley (2013) 

According to Government of Nunavut (2012) and Castellani et al. (2014) the stack smoke 

opacity should not exceed 5% since greater values indicates improper incineration performance 

and it requires evaluation and adjustments. 

2.3.5 Assessment of bottom ash residues  

The solid waste incineration residues consists of bottom ash, fly ash and other unburned 

particles and must properly be disposed of, forming part of integral sound waste management. 

When handling bottom ash, Wang et al. (2015) and Bradfield (2014) recommended that 

extreme care must be taken to avoid injury from contaminated sharp lancets, blades, broken 

glass items such as blood vial and Pasteur pipette, and others invasive instruments. The 

indiscriminate disposal of these residues can results into significant infectious risk to human 

and environment. The bottom ash residues accounting about 90% mostly consisting of heavy 

metals, silica, chlorine salt contents, alumina and iron oxides (Würdemann & Van-Veen, 2002). 

The hot bottom ash should completely be cooled before handling since its ember can cause 

very painful skin burn as also expressed by Tangri (2003) where workers are exposed 

sometimes with little or no protective gear. It also should not be buried or land filled when hot, 

since unburned wastes can catches fire in disposal area. Although bottom ash contains wide 

varieties of toxicity, Chang et al. (2009) and Carson (2002) established that the incineration 

residues is suitable for road constructions.  

2.4 Air Flow Patterns and Velocity Simulations  

The air flowing through combustion zones may cause increase in temperatures resulting 

into high burning rates due to excess oxygen supply as Ayaa et al. (2014) and Denda et al. 
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(2014) clarified. In their report Straka et al. (2018) used simulations to analyze, subsequent 

adjustment and improvement of wastes incineration processes in achieving the desired amount 

of heat energy for steam generation and emission pollutants reduction. During wastes 

incineration, CO passing through combustion region, would collide with hot gases and oxygen, 

converting it to CO2 and further increasing temperatures. The temperature contours and carbon 

monoxide concentration simulations are presented in Figure 2.5.  

 

a) Temperature distribution contours              b) Carbon monoxide concentration distribution 

Figure 2.5: Temperature and carbon monoxide concentration distribution 

Source: Denda et al. (2014) 

The simulations of air flow patterns and velocity profiles helps in visualizing the gaseous 

behaviour and solid flows within fixed bed including chemical reaction processes as Sun et al. 

(2015), Brosch et al. (2014) and Morrin et al. (2012) established. Also, Ryu et al. (2002) 

investigated propagation process reactions using wood as fuel in a fixed bed incinerator which 

included; air flow rate, moisture content, particle size, density, effects of wood on flame 

reaction rate and high temperature. The efforts Ryu made brought realization that highest 

propagation velocity was influenced by the relationship between air flow and turbulences. 

Moreover,  incorporating the dome shaped deflector at air inlet port of incinerator designed 

models by Lin and Ma (2012) and Minutillo et al. (2009) contributed into better  removal of 

all sudden contractions, enlargement points and smoothened walls.   
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2.4.1 Solid waste mass balance transport phenomena  

The solid wastes incineration in combustion chamber  at a certain residence time, exposes 

its surface areas to hot gases containing oxygen burning it completely as expressed by Gu et 

al. (2019) and Sun et al. (2015). The destruction rate of combustible waste fraction is evaluated 

in accordance to oxygen mass transfers from bulk gas phase to solid flame surfaces. The outlet 

solid waste flow rate, �̇�𝑜𝑢𝑡
𝑠  can be calculated by linking it to retention time and mass of holding 

up within the incinerator’s as expressed by Mousavi et al. (2009) in Equation 2.4.  

   �̇�𝑜𝑢𝑡
𝑠 =

𝑚𝑠𝑜𝑙𝑖𝑑

𝜃
= 𝑚𝑠𝑜𝑙𝑖𝑑

𝑆𝐷𝑁

1.77𝐹𝐿√𝛽
                          (2.4) 

where, 𝑚𝑠𝑜𝑙𝑖𝑑 is mass of solid waste hold-up inside grate;  𝜃 is the retention time (second); 

 𝛽 is the dynamic angle of repose for the solid material; 𝐹 is the factor that related to internal 

area of incinerator; 𝑆 is grate slope; 𝑁  is rotational speed of gas; and 𝐷  and 𝐿 are internal 

diameter and length of combustion chamber, respectively. The rate of change of solid hold-up 

inside grate can be expressed by Gaurav and Khanam (2017) in Equation 2.5. 

 
𝑑(𝑚𝑠𝑜𝑙𝑖𝑑)

𝑑𝑡
= �̇�𝑖𝑛

𝑤𝑠𝑡(1 − 𝜔𝑚𝑐) − 𝑅𝑑𝑟 − �̇�𝑜𝑢𝑡
𝑠                                    (2.5) 

where, �̇�𝑖𝑛
𝑤𝑠𝑡 is inlet waste flow rate; 𝜔𝑚𝑐 is the moisture content and 𝑅𝑑𝑟 is waste combustible 

fraction destroying rate and can be obtained from Equation 2.6. 

𝑅𝑑𝑟 =
𝐾𝑥(𝑋𝑏𝑢𝑙𝑘−𝑋𝑖𝑛𝑡)𝑀𝑜𝑥𝑦−𝐶𝑡𝑜𝑡

𝜇𝑠𝑐
. 𝐴                  (2.6) 

where, 𝐾𝑥 is mass transfer coefficient;  𝑋𝑏𝑢𝑙𝑘  is oxygen mole fraction in bulk of the gas phase, 

 𝑋𝑖𝑛𝑡  is oxygen interface mole fraction; 𝑀𝑜𝑥𝑦  is molecular weight of oxygen; 𝐶𝑡𝑜𝑡  is total 

concentration in gas phase; 𝜇𝑠𝑐 is stoichiometric coefficient for waste combustion and 𝐴  is 

interface area for oxygen contact. This area is a function of kiln geometry and operating 

conditions. Assuming complete waste destruction at steady state condition, solid phase balance, 

𝑅𝑑𝑟 and  𝐴 are specified by Gaska and Generowicz (2017) in Equation 2.7, 2.8 and 2.9.  

𝑊𝑜𝑢𝑡
𝑠 = �̇�𝑖𝑛

𝑤𝑠𝑡(1 − 𝜔𝑚𝑐)(1 − 𝜔𝑐𝑓)               (2.7) 

𝑅𝑑𝑟 = �̇�𝑖𝑛
𝑤𝑠𝑡(1 − 𝜔𝑚𝑐)𝜔𝑐𝑓 =

𝑚𝑠𝑜𝑙𝑖𝑑

𝜃
. (

𝜔𝑐𝑓

1−𝜔𝑐𝑓
)               (2.8) 

𝐴 =
𝜇𝑜𝑥𝑦

𝑘𝑥𝐶𝑡𝑜𝑡𝑀𝑜𝑥𝑦
. (

𝜔𝑐𝑓

1−𝜔𝑐𝑓
)                  (2.9) 

The feedstocks consisting of dry solid fractions (1 − 𝜔𝑚𝑐) and moisture fractions 𝜔𝑚𝑐 

within dry solid. The stoichiometry constituting of combustible solid waste fractions 𝜔𝑐𝑓  to 

accounts for heterogeneous combustions.  
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2.4.2 Gas-phase balances transport phenomena 

The reactions in the furnaces including the loading rates and temperature levels are 

functions of overall wastes combustion destructions. Taking into account the auxiliary fuel 

where gas-phase balance total is expressed by Mousavi et al. (2009) in Equation 2.10. 

𝑑(𝑚𝑔𝑎𝑠)

𝑑𝑡
= �̇�𝑖𝑛

𝑎 . 𝜔𝑛𝑡
𝑎 + 𝑊𝑖𝑛

𝑎 . 𝜔𝑜𝑥
𝑎 + (1 − 𝜇𝑜𝑥)𝑅𝑑𝑟 + �̇�𝑖𝑛

𝑓
− �̇�𝑜𝑢𝑡

𝑔
+ �̇�𝑖𝑛

𝑤𝑠𝑡 . 𝜔𝑚𝑐           (2.10) 

where 𝑚𝑔𝑎𝑠 is gas hold-up inside the kiln; �̇�𝑖𝑛 
𝑎 is inlet air flow rate; 𝜔𝑛𝑡

𝑎  is mass fraction of 

nitrogen in air; 𝜔𝑜𝑥
𝑎  is mass fraction of oxygen in air; �̇�𝑖𝑛

𝑓
 is auxiliary fuel flow rate and �̇�𝑖𝑛

𝑤𝑠𝑡 

is outlet gas flow rate, respectively as emphasized by Denda et al. (2014). The corresponding 

mass balances are specified by Equation 2.11. 

 
𝑑𝑀𝑖

𝑑𝑡
= �̇�𝑖𝑛

𝑎 −
�̇�𝑜𝑢𝑡

𝑔

∑ 𝑀𝑖𝑖 𝑦𝑖
. 𝑦𝑖 + 𝑅𝑖𝑉𝑡𝑜𝑡                          (2.11)  

where Wi is inlet gas flow rate of component; Ri is production/consumption rate for reactions 

in kinetic regime; Vtot is combustion chamber volume and 𝑉𝑖 is the gas mole fraction of species  

which is computed according to N’wuitcha et al. (2014) in Equation 2.12. 

𝑉𝑖 =
𝑀𝑖

∑ 𝑀𝑖𝑖
𝑖 = 𝐶𝑂, 𝐶𝑂2, 𝐻2𝑂, 𝑆𝑂2, 𝑁2, 𝐻𝐶, 𝐻𝐶𝑙, 𝑁𝑂, 𝑂2, 𝐻𝐵𝑟,

𝑃𝐶𝐷𝐷

𝐹
,

𝑃𝐵𝐷𝐷

𝐹
         (2.12) 

If the auxiliary fuels is required in maintaining operating temperatures, the reaction allow 

methane combustion process, taking into account available functioning of oxygen. The flue 

gases particulates relates directly to turbulences and velocities of air/gases in kilns. 

2.5 Statistical Design and Experimental Analysis  

Statistical analysis is the process of systematically applying logical techniques to collect, 

describe, illustrate, condense, recap, interpret and evaluate data in order to uncover patterns 

and trends. Descriptive analysis is the distribution of varying variables, entities and events to 

determine probabilistic or statistical relationships in quantitative manner and includes facts 

findings enquiries of distinct types (Douglas, 2013; Kothari, 2004). Moreover, multiple 

regression analysis is used where one dependent variable is a function of two or more 

independent variables and its objective is make prediction based on covariance. The analysis 

of variance (ANOVA) is a statistically measurement, describing the mean of squares deviating 

from samples mean of specified data series where this study used this type. The Chi-square 

(𝑋2) testing find its applications in large number of problems including testing suitability of 

quality; significance associated between two features; homogeneously of population variances 

as expressed by Oehlert (2010) in Equation 2.13.  

𝑋2 =
𝜎𝑠

2

𝜎𝑝
2 (𝑛 − 1)                  (2.13) 
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where 𝜎𝑠
2 = samples variances;  𝜎𝑝

2 = population variances; (𝑛 − 1) = degrees of freedom,    

n = number of items in samples. The comparison of the calculated values with the tabulated 

table values of 𝑋2 for (𝑛 − 1) degrees of freedom at a given of significance test levels, may 

lead to either accepting or rejecting the null hypothesis. However, Least Significant Difference 

(LSD) is an extension of Student’s t-test which uses a more comprehensive estimate of error in 

the data for making statistically valid mean comparisons as in Equation 2.14.  

        𝐿𝑆𝐷 =
𝑡(𝑠√2)

√𝑛
                  (2.14) 

where 𝑡 =tabulated t-value at probability level (𝑃 ≤ 0.05 for means with 95% accuracy);                   

𝑠 = standard deviation of all plots; and 𝑛 = number of measurements (observations) in each 

variety, usually equal to the number of replicates.    

2.6 Compliance, Enforcement and Performance  

The incinerators fugitive emissions and risk association may highly reduce the levels of 

standards/limits, operational controls and enhanced management practices as emphasized by 

Kim et al. (2009). Various countries in the world have established environmental monitoring 

agencies like the National Environment Management Authority (NEMA) in Kenya. NEMA 

regulates air quality by creating guidelines and enforcing existing safety controls published for 

application in residential and industrial environments. These regulations set limits of pollutants, 

review programs to aid improved performance and compliance of designs and ensure that 

acceptable equipment are constructed and utilized as recommended by Government of Nunavut 

(2012). The wastes open burning emits pollutants directly into the breathing zone of the 

atmosphere which affects health adversely and should be eliminated.  

2.6.1 Incineration compliance  

Compliance activity procedures are links to legislations, policy process outcomes, licensing 

or permitting, monitoring, enforcement, cycle closing with possible laws input for adjustments, 

assessment and feedback as reported by White and Heckenberg (2012). Its role includes 

checking compliance of incineration facilities against stated environmental laws, ordinances, 

regulations, agreements, directives, ministerial decrees and prohibitions. All pollution 

concentrations must be expressed at 0°C and 101.3 MN/m2, dry gas at 11% oxygen correction 

as specified by Government of India (2009) and Rogers and Brent (2006). Compliance ensures 

adoption measures in achieving maximum waste reductions, applying of strict regulations and 

enforcement in regards to illegal garbage transportations with potentially environmental 

pollutions as Lorentsen and Burgeat (2004) expressed. Agencies conducts regular inspections 

on plant installations, operations and ensure adequate maintenance. Programs rolled includes 
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training, documentations, operators’ certification and supervisory of personnel, inventory and 

record keeping besides tracking the utilization of incineration facility. The ambient air quality 

and incinerator design allowable limits is presented in Table 2.3.  

Table 2.3: Ambient air quality and incinerator design allowable limits. 

Pollutant  Time 

averag 

Industrial 

area 

Residential,  

rural area  

Controlled 

areas 

EU 

mg/m3 

USA 

mg/m3 

Carbon monoxide  1 hr 10.0 mg/m3 4.0 mg/m3 2.0 mg/m3 50-150  62-187  

Carbon dioxide  1 hr 10.0% 4.0% 2.0% - - 

Hydrocarbons Instant 700 ppm - - - - 

Volatile organic VOC 24 hr  
 

600 µg/m3 - - - - 

Ozone 8 hr 120 µg/m3 1.25 ppm - - - 

Sulphur Oxides (SOX) Annual  80 µg/m3 60 µg/m3 15 µg/m3 - - 

Nitrogen Oxides NOX Annual  80 µg/m3 60 µg/m3 15 µg/m3 - - 

Nitrogen Dioxide Annual  150 µg/m3 0.05 ppm - - - 

Hydrogen Sulphide 24 hr 150 µg/m3 - - - - 

Respirable particulate Annual  70 µg/m3  50 µg/m3 50 µg/m3 - - 

𝑃𝑀2.5   Annual  35 µg/m3  - - - - 

Lead Annual  1.0 µg/Nm3 0.75 µg/Nm3  0.5 µg/Nm3 - - 

Suspended particulate Annual  360 µg/m3 140 µg/m3 70 µg/m3 10 20 

Operating temperature  Above  

850oC 

Above 

800oC 

Above 

1050oC 

  

Stack height-3m above 

highest building  

 10 m above 

ground 

10 m above 

ground 

10 m above 

ground 

- - 

Stoke opacity  8 hrs > 20%  > 20%  > 20%  > 5% > 10% 

Lead (Pb) Annual 1.0 µg/Nm3 0.75 µg/Nm3 0.5 µg/m3 0.14 0.14 

Dioxins and furans 6-8 hr 

average 

0.1 ng 

TEQ/m3 

0.1 ng 

TEQ/m3 

0.1 ng 

TEQ/m3 

0.1 ng 

TEQ/m3 

0.2 ng 

TEQ/m3 

NB: One (1) mg/m3 is equivalent to one (1) ppm 

Source: Environmental Management and Co-ordination Act- Kenya (1999) 

Incinerator continuously monitoring are installed for measuring and recording parameters 

such as smoke opacity, oxygen, carbon monoxide, total hydrocarbons, hydrogen chloride, 

temperatures, particulate matter, gas flow velocity and quantity record keeping as Petridis and 

Dey (2018) explicitized.  
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2.6.2 Incineration enforcement    

The Environmental Management and Co-ordination Act (EMCA) is an Act of parliament 

to provide for establishment of an appropriate legal and institutional backgrounds. According 

to Batterman (2004) the timelines are usually set for all existing incinerators to be fully 

compliance before any action is taken to demolish them. Moreover, local authorities mostly 

require health risk assessment for them to site and permit a facility. The enforcement actions 

must be strict and proportional to seriousness of laws breaching and environmental posed risks. 

It must also be swift and waver in order for offenders to returns to compliances as quickly as 

possible. Any person failing to comply with provisions of control order issued under 

environmental Act, commits an offence and shall be liable on conviction to a fine not exceeding 

one hundred thousand or imprisonment for a term not exceeding three years or both as reported 

by Environmental Management and Co-ordination Act- Kenya (1999). 

The incinerators must ways be well maintained and in good working conditions in order to 

minimize emissions and a log book must be used to record all malfunctions and relevant 

authorities notified. The design of combustion chambers must provide residence time for 

gaseous of at least two second as per Neuwahl et al. (2019) guidance. According to Xin-gang 

et al. (2016), small scale incinerators appeared not to meet emission standards for CO, 

particulate matters, hydrogen chloride, dioxins, furans, heavy metals and other pollutants. The 

residence time can be calculated using Equation 2.15. 

       𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒 =
𝑉

𝑄𝑐
                  2.15 

where V is the incinerator’s volume in cubic metres ( 𝑚3 ), 𝑄𝑐  is the effective flue gas 

volumetric flow rate in cubic metres per second (m3/s).  

2.6.3 Incineration performance 

The incineration performance measures comprises of the overall quality on how firmly 

inspections and enforcements monitors compliances and reduction of pollutants and risks. The 

ultimately goals for environmental qualities including inspections and enforcements action are 

most desirable measures of success. The best indicators of competence is the time law 

enforcement  takes responding to violations, or achieves compliances as explicitized by White 

and Heckenberg (2012) and UNEP (2019). Combustion efficiency shall be at least 99.0% as 

recommended by Kenya Law Reports (2012).    

2.6.4 Kyoto Protocol commitments and Stockholm Convention 

The Kyoto Protocol operationalizes the United Nations Framework Convention on Climate 

Change by committing industrialized countries and economies in transition to limit and reduce 
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greenhouse gases (GHG) emissions in accordance with agreed individual targets. The Protocol 

asks those countries to adopt policies and measures on mitigation and report periodically. 

However, the Protocol also offers an additional means to meet their targets by three way of 

market based mechanisms: International Emissions Trading; Clean Development Mechanism; 

and Joint implementation. This had parallel benefits of stimulating green investment in 

developing countries and including private sector in endeavour to cut and hold steady GHG 

emissions at a safe level. It also frogged possibility of skipping the use of older, dirtier 

technology for newer, cleaner infrastructure and systems, with obvious longer-term benefits 

and more economical. The Protocol first commitment was that industrialized countries had to 

reduce gas emissions responsible for global warming by at least 5% compared to 1990 levels 

from year 2008 to 2012.  

The Stockholm Convention on Persistent Organic Pollutants (POPs) is a global treaty to 

protect human health and environment from chemicals that remain intact for long periods. The 

exposure to POPs can lead to serious health effects including cancers, birth defects, 

dysfunctional immune and reproductive systems, susceptibility to disease and even diminished 

intelligence. The Stockholm Convention, requires the signatory and ratifying parties to take 

measures to eliminate or reduce the release of POPs into the environment. The Convention is 

administered by the United Nations Environment Programme (UNEP) which is based in 

Geneva, Switzerland. 

2.6.5 The Environmental Management and Coordination Act  

The Environmental Management and Co-Ordination Act (EMCA), Chapter 387 of 1999 

laws of Kenya, determines appropriately the enforcements action, remedies and indicates who 

bears losses if accidental harm occurs to discourage violations and illegal conducts. The EMCA 

mechanisms are either civil or criminal actions where compensatory pay monetary penalties 

and injunctive, ordering activities to stop and repairing or cleaning up be completed. Some 

incineration laws includes: No owner or operator shall cause fugitive emissions to ambient air 

quality exceeding the limits; Operators shall ensure that exposure of workers is monitored and 

recorded; Licensee shall submit an emissions report to Authority within six months after the 

end of year as emphasized by Kenya Law Reports (2012).  

The Environmental Impact Assessment (EIA) is a systematic examination conducted to 

determine whether or not a programme, activity or project will have any adverse impacts on 

environment.  The EIA is required under the Act to conclude and approve all policies, plans, 

programme, projects and activities in accordance to regulations. The impacts include all 

relevant aspects of the natural, social, economic and human environment. The EIA also requires 
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a multi-disciplinary approach and should be done very early at the feasibility stage of a project. 

According to Kenya Law Reports (2012) regulations, no licensing authority in Kenya shall 

issue a trading, commercial or development permit for any project without approval of EIA 

issued by the Authority NEMA. The projects assessment should be carried out by EIA registered 

experts in accordance with the Act as explicitized by Corbitt (2004).  

2.6.6 The National Environment Management Authority (NEMA)  

The NEMA is government authority charged with general supervision and coordination 

policies implementation of all environmental matters in Kenya. NEMA was created by the 

EMCA that came into effect on the 14th of January, year 2000. The functions of NEMA 

includes: Promotes integration of environmental considerations into development actions with 

a view to ensuring proper management and rational utilization of resources on a sustainable 

yield basis for improvement of quality life; NEMA advises Government on legislative and other 

measures for implementation of relevant international conventions, treaties and agreements in 

the field of environment; It identifies development actions for audit and monitoring to be 

conducted under the Act; It prepare and issue annual report on state of environment and 

cooperates with relevant agencies on education and enhancement of public awareness on health 

and safety protections; It also initiate and evolve procedures and safeguards for prevention of 

accidents which may cause environmental degradation. NEMA encourages people to minimize 

pollutants by practicing composting, recycling, use green energy like solar, geothermal, wind 

turbine and planting trees to convert carbon dioxide into oxygen (NEMA Newsletter, 2019).  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 The study Area and Materials Preparation 

This research was conducted using eight (8) small-scale solid waste incinerators; one at 

Egerton University (Dispensary), four at Ng’ondu (Janda Plaza, Neveah Court, Sajendu Hostel 

and Staller Plaza), two at Green Valley (Community Resource Centre and Neighbouring home) 

and one at Njokerio areas. It also included two muffle furnaces at the department of Animal 

Science Nutritional Laboratories between the months of May to September, 2015. The average 

ambient temperature ranged between 19 and 24°C. The map of Egerton University, Njokerio, 

Ng’ondu and Green Valley areas including the incinerators locations is shown in Figure 3.1. 

 

Figure 3.1: The study area  

The collection of solid waste samples were from the Egerton University dump sites (student 

cafeterias, hostiles, departments of Crops, Horticulture and Soil, Animal Health, Human 
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Anatomy, Dispensary) and neighbouring residential areas (Njokerio, Ng’ondu, and Green 

Valley). The wastes collected were sun dried for three days, chopped into small pieces and 

packed separately into waterproof containers in preparation for experimental processes. The 

wastes sizes reduction to less than one (1) mm was necessary in forming homogenous materials 

leading to increased surface areas hence allowing faster heat penetration. The waste samples 

loaded into incinerators were neither pre-treated nor specific ingredient selected. The weighing 

and recording of all waste samples was done before commencement of incineration processes.  

3.1.1 Experimental set-up for the flue gases analyser 

The equipment employed in this research included: flue gases analyser (MS 805); well-

insulated muffle furnaces (Lindberg/ Blue MBF51700); digital electrical meter; electronic 

digital weighing balance; alternating current (ac) electrical power supply; air flow meter; solid 

waste vibrating/shaking machine; a laptop; and eight small-scale incinerators. Other facilities 

were driers, shearing/cutting machines, shovels, furnace crucibles, measuring instrument (tape 

measure) and timers plus materials such as nose masks, hand gloves and clear goggles. The 

flue gas analyser (MS 805) was configured to measure carbon dioxide (CO2) and oxygen (O2) 

depletion levels in percentage (%) while that of carbon monoxide (CO) and hydrocarbon (HC) 

in parts per million (ppm). The flue gas analyser, muffle furnace, electronic weighing machine 

and electrical meter experimental set-up is illustrated in Plate 3.1.  

 

Plate 3.1: The experimental set-up for muffle furnace experiments. 
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The front and rear views of the flue gas analyser are shown in Figures A1.1 and A1.2 in the 

Appendix. The flue gases picking-up probes with hoses were firmly fixed to the chimney/stack 

of incinerators or muffle furnaces. The gas samples passed through probes of vertical position 

polymerized filters before reaching the steam trap cups at the bottom of gas analyser. When 

flue gases reached the trap base ducts, branching into three different pipes where first fittings 

was into vacuum sensors detecting any possibility of anomalies in gases flowing or leaks in 

pneumatic circuits. The second pipe connects to sampled gases in ports which were discharged 

during emission levels calibrations and third pipe was connected to gas pumping side through 

a safety paper filters. The flue gas analyser had in-built internal measuring sensors for recording 

the emission levels of CO2, O2, CO and HC via the metering bench before being purged out.    

3.1.2 Muffle furnace incineration experimental set-up 

The muffle furnace (Lindberg/Blue MBF51700) was used for wastes incineration at various 

operating temperature levels since temperature gauge could be regulated. The maximum 

energy efficiency of the muffle furnace was achieved by surrounding the chamber with 

thermal-efficient alumina fiber ceramic insulation. It was installed with three sides’ resistance 

wire coil for the furnace uniform heating. It also had a heavy duty double layer structure with 

cooling fan to ensure low temperatures at outside casing. The muffle furnace incineration 

equipment with flue gas outlet and graph display is shown in Plate 3.2. 

 

Plate 3.2: Muffle furnace incineration equipment. 

Source: Nabertherm (2016) 
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The equipment was installed with a 12.5 mm diameter quartz glass observation window, 

allowing operators to view the inside chamber during incineration processes. It was also 

equipped with a thermocouple consisting of two wires of different metals for temperature 

controls and a combustion air inlet port for flow of fresh air. An empty crucible was weighed 

and solid waste samples weighing fifty gramme was poured into it then placed centrally in the 

combustion chamber and door closed. The muffle furnace power supply was switched on while 

flue gases vents were completely opened to fully remove the exhaust gases. The operating 

temperature knob was adjusted using enter/set arrow keys by pressing ‘on’ to register the 

changes. The electrical power ‘Run’ button was pressed on and the control panel started 

blinking commencing the operations. For safety, the incineration of inflammable, toxicity and 

carcinogenic waste materials were avoided. Also wastes with high concentrated sulphate, 

chloride, fluoride alkaline and other combustible substances were kept away due to their 

corrosiveness outcomes on ceramic fibers and explosiveness. All muffle furnace experiments 

took maximum time of 150 minutes and cool down of ten hours.     

3.2 Characterization of the Solid Wastes 

The solid waste characterization is the analysis of composition of waste stream, by material 

types and is important for effective long-term, waste management planning. The sorted and 

mixed wastes of various categories from the study areas are shown in Plate 3.2 and 3.3.  

 

Plate 3.3: Sorted residential solid waste awaiting disposal at Stalla residential. 
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Plate 3.4: Mixed solid waste with high levels of polythene bags at Njokerio dump site. 

The factors influencing solid waste characterization includes the degree of urbanization and 

industrialization, social customs, per capita income, geology, geography and climate change. 

The waste quantities help in calculating size of disposal facilities, such as incinerators, landfills 

and recycling equipment. The solid wastes with high proportions of polythene papers, plastics 

papers, photocopying papers and charcoal dust, food remains among other deposits in the 

dumpsites are exhibited in Plate A1.1 in the Appendix. The solid waste samples from those 

dumpsites were sorted out manually, weighed and placed into polythene bags and the 

percentages components determined through characterization. Solid wastes were purposively 

categorised into physical and combustion type in order to determine its composition which 

included density, moisture contents, volatile matters, fixed carbon, ash contents and calorific 

value. To produce garbage with low moisture content and ensure sustainability of combustion, 

solid wastes were sun dried for two more days as recommended by Chen et al. (2014) and 

Astrup et al. (2011).  

3.2.1 Physical characterization of solid waste  

The physical characterization of solid wastes comprised of moisture contents and densities. 

The moisture content was expressed as percentage per materials weight while density was 

expressed as mass per unit volume. The experiments were replicated thrice and the raw data 

results for solid wastes characterization are presented in Table A2.1 and in the Appendix.  
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a) Moisture content 

The moisture contents (MC) was determined using ASTM E871-82 (2013) standards. An 

empty container was preheated for twenty minutes to remove any traces of moisture/vapour 

and a fifty gramme of wastes sample poured into it. The container and sample were placed into 

a furnace at 105°C for twelve hours then cooled to 23oC, the room temperature and weight 

recorded. The moisture content 𝑀𝐶  of the sample in percentage (%) was determined using 

Equation 3.1.   

𝑀𝐶 = {
𝐴−𝐵

𝐴
} × 100%                            (3.1) 

where, 𝐴 is the weight of wastes sampled before heating in gramme (g) and 𝐵 is the weight of 

wastes sampled after heating in gramme (g). 

b) Density 

The density of solid wastes was determined by first weighing an empty container of known 

volume (𝑉1) and recording it as 𝑀1. The shaking/vibrating machine was used to settle and 

compact waste material samples into the containers. The container was firmly clamped into 

vibrating platform of the shaking machine. The shaking machine speed was set at 300 rpm for 

uniformity of solid waste quantity as per the requirements. The waste samples were poured into 

container, machine switched on and whole body vibrates for 10 minutes while topping up with 

remaining samples to filling up the created spaces. As the machine vibrates, it transmits energy 

to the container, forcing it to contract and settles wastes. The mass of container and its contents 

were recorded as 𝑀2 after it was removed from the machine. If the sampled materials were 

insufficient in filling-up the vessel then, the volume (𝑉2) of partially filled-up vessel was 

measured and its mass and contents were recorded as 𝑀3 . For the filled-up vessel, waste 

samples density in g/cm3 was expressed using Equation 3.2 and later converted to kg/m3.  

Density =
M2−M1

V1
                             (3.2) 

For a partially-filled vessel, the density was calculated using Equation 3.3. 

      Density =
M3−M1

V1−V2
                           (3.3)  

3.2.2 Characterization of solid waste by combustion 

The solid wastes characterization by combustion processes was done to estimate its heating 

value by determining composition in terms of volatile matters, ash contents, fixed carbon and 

calorific values. The waste characteristics raw data are presented in Table A2.1 in the Appendix. 

The combustion process is very complex, involving simultaneous coupled heat energy released 



34 
 

through oxidation and chemical reactions, mass transfer and fluid flows expressed using 

Equation 3.4 as denoted by Quina et al. (2011).  

𝐶𝑥1𝐻𝑥2𝑂𝑥3𝑆𝑥4𝐶𝑙𝑥5𝐾𝑥6𝐶𝑎𝑥6𝑀𝑔𝑥7𝑁𝑎𝑥8 + 𝑎1𝐻2𝑂 + 𝑎2(1 + 𝑒) (𝑂2 + 3.76𝑁2) →   

𝑎3𝐶𝑂2 + 𝑎4𝐻2𝑂 + 𝑎5𝑂2 + 𝑎6𝑁2 + 𝑎7𝐶𝑂 + 𝑎8𝐶𝐻4 + 𝑎9𝑁𝑂 + 𝑎10𝑁𝑂2 + 𝑎11𝑆𝑂2 +

𝑎12𝐻𝐶𝑙 + 𝑎13𝐻𝐶 + 𝑎14𝐾𝐶𝑙 + 𝑎15𝐾2𝑆𝑂4 + 𝑎16𝐶+  .   .  . + 𝐻𝑒𝑎𝑡 𝐸𝑛𝑒𝑟𝑔𝑦                (3.4) 

where 𝑎1 corresponds to moisture in the wastes; 𝑎2 relates to air (mixtures of 𝑂2 and 𝑁2);  

 1 + 𝑒 is excess air associated to stoichiometric ratios, usually ranged between 1.2 and 2.5; 

 𝑎3to 𝑎16  corresponds to coefficients of different species found as reaction products.   

a) Volatile matter  

The volatile matter was determined using the ASTM E872-82 (2013) standards. A fifty 

gramme sample of solid wastes was placed into crucibles with lids and their weight recorded. 

The covering of crucible was done to avoid contact with air during the devolatilizing processes. 

The crucibles containing samples were placed centrally in the muffle furnace, electric power 

supply switched ‘on’ and temperatures maintained at 950°C for ten minutes. It was then 

switched ‘off’ and cooled down to 23oC. The crucibles and covers without disturbance were 

weighed and recorded. The volatile matters, 𝑉𝑀 in percentage is estimated using Equation 3.5.  

𝑉𝑀 = {
C−D

C
 × 100} − 𝑀𝐶                            (3.5) 

where, 𝐶 is the weight of waste sample before heating in (g),  𝐷 is weight of waste sample after 

heating in gramme, and 𝑀𝐶 is moisture content calculated in Equation 3.1. 

b) Ash content 

The ash content was determined using the ASTM E1534-93 (2013) standards. A fifty 

gramme of solid wastes sample was put into a weighed and uncovered crucible and placed 

centrally into muffle furnace chamber. The electric power supply to the furnace was switched 

on and temperature maintained at 725°C for one hour then switched off. The crucible with its 

contents were removed after cool down to 23oC and their weight recorded. The Ash content, 𝐴𝑆 

expressed in percentage is determined using Equation 3.6.   

𝐴𝑆 = {
𝐸−𝐹

𝐸
} × 100%                         (3.6) 

where, 𝐸 is weight of solid waste sample before heating; and 𝐹 is weight of solid wastes sample 

after heating (inclusive of moisture contents).  

c) Fixed carbon  

The fixed carbon which indicates the proportions of char remaining after the devitalization 

phases, was determined by subtracting the sum of moisture content, ash content and volatile 
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matter from one unit or one hundred (100) percent. Fixed carbon, 𝐹𝐶  content given in 

percentage is calculated using Equation 3.7. 

         𝐹𝐶 = 100 − (𝑀𝐶 + 𝑉𝑀 + 𝐴𝑆)               (3.7) 

where, 𝑀𝐶  is total moisture contents, 𝑉𝑀  is volatile matters, and 𝐴𝑆  is ash contents, all in 

percentage (%).  

d) Calorific value 

The calorific values (CV) of solid wastes samples was determined based on the ASTM 

D240-02 (2013) standards, using combustion processes calorimeter type (Auto bomb type-

E2K). The waste samples were dried and ground into small particles which were later sieved 

and compressed to form pallets. A reaction vessel holding the waste samples was supplied with 

oxygen at pressure of 30 bars and immersed into water bath at 23oC ambient temperature. The 

testing of firing circuits and calorimeter adjustments was done and weighing of enough water 

into vessel for complete submerging of the bomb. The energy discharged by complete 

incineration of reactants within the vessel was absorbed by water bath causing temperatures 

rise in the water jackets. A pure compound of benzoic acid was incinerated in order to acquire 

a thermal response of the equipment to a particular heat energy released. During the 

experiments, the water equivalence, 𝑊  was calculated using benzoic acid and its value 

determined using Equation 3.8.  

𝑊 =
(𝐻𝑂𝐵 ×𝑀𝐵)+ 𝑄𝑁+ 𝑄𝑍

∆𝑇
                          (3.8) 

where, HOB  is reference substance calorific value; MB is the substance weight; QN is sulphuric 

acid correction of formation; QZ is sum of all extraneous quantities; and ΔT is temperature rise 

(oC). Using the standard bomb calorimeter, the waste samples heat energy values (𝐻𝑉𝐶) in 

kilojoule per kilogram (kJ/kg) is determined using Equation 3.9. 

𝐻𝑉𝑐 =  
𝑊( ∆𝑇−𝐸1−𝐸2−𝐸3−𝐸4)

𝑚
               (3.9)   

where, 𝑊 is water equivalent (KJ/oC); 𝐸1 is correctional heating formations of nitric acid; 𝐸2 is 

correctional heat formations of sulfuric acid; 𝐸3 is correctional incineration of gelatinize 

capsulate used with liquid testing; 𝐸4 is correctional heating value for incineration firing wires; 

and 𝑚 is weight of the sample (g).  

The parts of standard calorimeter includes a bomb or vessel where combustible substance 

are burned, bucket or container for holding bomb in a measured quantity of water and stirring 

mechanism. Other parts include insulating jacket to protect bucket from transient thermal 



36 
 

stresses during combustion processes, and thermometer for measuring temperature changes 

within the bucket. The parts of the standard bomb calorimeter is shown in Figure 3.2.   

 

Figure 3.2: Diagram of a standard bomb calorimeter. 

Source: Parr (2010) 

The bomb must be strong, thick-walled metallic vessel to withstand high pressures and can 

be opened for inserting samples, removing combustion products and when cleaning. The valves 

are provided for filling bomb with oxygen under pressure and for releasing residual gases after 

experiments. The calorimeter also has electrodes for carrying an ignition current to a fuse wire.  

3.3 Factors Influencing Solid Waste Incineration Performance on Gas Emissions  

The solid waste incineration experiments at varying moisture contents and incinerator 

loading rates were carried out using small-scale incinerators while that of varying operating 

temperature levels were carried out on a laboratory scale using muffle furnaces. The maximum 

time of 150 minutes for each experiment was adopted for all muffle furnaces and small-scale 

incinerators. According to Park et al. (2013), solid wastes incineration processes was regarded 

complete upon achieving an oxygen concentration levels of greater than 20.61% in flue gases. 

All experiments were replicated thrice with emissions raw data tabulated in tables, smoke 

opacity assessments were done and photographs taken while bottom ash residues was removed 

and packed for analyses. The experiments were carried out using the four working incinerators 

at Egerton University, Community Resource Centre, Janda Plaza and Green Valley residential 

home which were different in sizes, capacity and output were located at different areas. The 
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small-scale incinerator at Janda Plaza opposite the Njoro canning factory where some of the 

experiments were conducted is shown in Figure 3.3 and units were in metres.  

 

Figure 3.3: Small-scale residential solid waste incinerator at Janda Plaza.  

The design and operations of other four incinerators including Neveah Court, Sajendu 

hostel, Njokerio were defective forcing operators to practice open burning outside the facilities 

while Stalla was under construction. The incinerators were all loaded with thoroughly mixed 

similar solid waste from each estate at a time.    

3.3.1 Effects of waste incineration at varying moisture contents on gas emissions  

The effects of solid waste incineration at varying moisture contents (MC) on flue gas 

emission levels were investigated by increasing MC from 15 through 75% at intervals of 15 %. 

These arrangements compared well with range from 16 to 75% as employed by  Katiyar et al. 

(2013) and between 16 and 41.9% as published by Miezah et al. (2015). The different moisture 

contents were obtained by rewetting and drying of the solid wastes samples. Triplicate samples 

of wastes were constantly dried in ovens at 105oC for twelve hours then cooling done in 

desiccators and their weights recorded. The waste samples of different moisture contents were 

thoroughly mixed and separately loaded into the incinerator and furnace ignited. The gas 

analyser was set to print out results after two minutes of carbon monoxide, carbon dioxide and 

hydrocarbon emissions quantities as the flue gases passed through the machine and records 
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kept for further analyses. The same procedures were repeated for the other moisture content 

levels. The raw data from solid wastes incineration at varying moisture contents is presented 

in Table A2.2, A2.3 and A2.4 in the Appendix.  

3.3.2 Influence of waste incineration at varying loading rates on gas emissions 

The effects of solid waste incineration at varying loading rates of 15, 30, 45, 60 and 75 

kg/h, experiments was performed using Janda plaza incinerator as shown in Figure 3.3. The 

incinerator had a normal solid wastes loading capacity was 45 kg/h. Waste samples of low, 

medium and high heating values were thoroughly mixed to emulate the normal incinerator 

loading before being used. Since solid wastes loading of incinerators was manual, then it was 

done when cold. The closing of incinerator doors was important in preventing air infiltrations 

into the combustion chambers. The gas analyser picking-up probe with their hoses were firmly 

fixed at the chimney and the power supply switched on. During wastes incineration, emission 

levels of carbon monoxide, carbon dioxide and hydrocarbon and oxygen depletions levels for 

each experiment were recorded, smoke opacity assessment and photographs taken for analyses. 

The bottom ashes was removed after cool down to 23oC and packed in well labelled separate 

bags for further analyses. The raw data of solid wastes incineration at varying loading rates are 

presented in Table A2.5, A2.6 and A2.7 in Appendix.   

3.3.3 Effects of waste incineration at varying operating temperatures on emissions 

The experiments on effects of wastes incineration at varying operating temperature levels 

on flue gas emissions were carried out using well-insulated muffle furnace (Lindberg/Blue 

MBF51700) where its temperature gauge could be adjusted. The solid wastes incineration was 

done at varying operating temperature levels from 180oC through 900oC at intervals of 180oC. 

These process compared well with range from 25 to 1025oC as expressed by Bradfield (2014). 

A fifty (50) gramme solid wastes sample in a crucible was placed centrally into the furnace and 

door closed. The gas picking-up probe and its hoses were firmly fixed at the stack and muffle 

furnace and gas analyser switched on. As flue gases passed through gas analyser, the emission 

levels of CO, CO2 and HC were recorded and smoke opacity assessed. The bottom ash was 

packed into well labelled waterproof containers for further analyses. The raw data from solid 

wastes incineration at varying operating temperature levels are presented in Table A2.8, A2.9 

and A2.10 in Appendix. 

3.3.4 Assessment of smoke opacity at the chimney 

The assessment of flue gases smoke opacity was achieved by observing and noting the 

chimney emissions when incinerating solid wastes at varying moisture contents, incinerator 



39 
 

loading rates and at operating temperature levels specified in the foregoing sections. The 

Ringelmann charts was placed approximately 33 metres away, the grid appeared as grey 

shades, hence quantifying emissions by comparing with the corresponding shade on the charts 

in Figure 2.4 in Chapter Two. The smoke opacity observer stood at sufficient far distance for 

clear emission viewing with the sun orientation sector at 140 degree to his/her back. The smoke 

opacity comparisons between dark and dense smoke with excessively particulate matters and 

light and clear smoke was presented in Plate 4.3 and 4.4 in Chapter Four.  

3.3.5 Assessment of bottom ash residues 

The incinerators starting-up commenced with removal of bottom ash residues from 

previous operational cycles. The incinerators were cooled down for ten hours after end of each 

experimental cycle for safely and efficiently removal of bottom ash. The flat blunt shovels were 

used for cleaning-up, contrary to sharp objects, to avoid damaging the refractory materials. The 

dropping of generated ash residues through metallic grills/grates into ash containers at bottom 

of furnace was done using mechanically operated stirrers. The ultimate steps in process was 

examining bottom ashes qualities for unburned materials like papers, plastics, woods, food 

scrapes and appearances including colours and sizes which was an indication of incineration 

performance. The bottom ash from different incineration processes was presented in Figures 

4.10 in Chapter Four. The weight of collected bottom ashes (Was) at stop of every incineration 

processes was compared with total wastes loaded (Wt). The wastes combustion processes lost 

weights (Wr) are calculated using Equation 3.10.  

𝑊𝑟 = 𝑊𝑡 − 𝑊𝑎𝑠                (3.10) 

The percent weight reduction, 𝑃𝑤𝑟, was determined using Equation 3.11. 

𝑃𝑤𝑟 =
𝑊𝑡−𝑊𝑎𝑠

𝑊𝑡
  × 100               (3.11) 

3.4 Simulation of Air Flow Patterns and Velocity Profiles for Small-Scale Incinerators  

The air flow patterns and velocities profiles were simulated for small-scale incinerators 

located at Janda Plaza, Green Valley residential home, and Community Resource Centre and 

their performances compared with that of Egerton University dispensary. During experiments, 

the air flow was assumed to be steady and compressible with variable fluid properties, while 

gases flow was turbulent and instantaneous. The actual dimensions of the existing incinerators 

were used in the design, drawing and the simulations. The models were designed with equal 

dimensions for air inlet port, combustion chamber’s volume, chimney height, loading door and 

grate height and sizes. The modelled designs was optimized to suit the existing solid waste 

incineration processes as emphasized by Sun et al. (2015), Yang et al. (2004) and Ryu et al. 
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(2002). The air-flow measurements were taken at inlet and exit of the chimney using air flow 

meter as illustrated in Plate A1.4 in the Appendix and results compared with simulation outputs.  

The Egerton University dispensary incinerator, though old had some features which were 

incorporated in re-designing to improve performance of others, which included venture-meter 

curves, inlet air ventilation and its proportionality. The incinerators in the study areas were 

permanently stones built hence, square, rectangular, circular and triangular base-shaped models 

were adopted with equal capacity taking into account that of Egerton University dispensary. 

According to Gaska and Generowicz (2017) and Chanson (2009), particle velocity calculation 

and burner end were the main factors considered in simulation of waste combustion processes. 

The particle velocity was calculated using Euler-Euler model in COMSOL software. The space 

occupied by each phase was given by phase volume fraction 𝑟, (𝑥, 𝑦, 𝑧 𝑎𝑛𝑑 𝑡), as established 

by Pushpendra and Srivastava (2017) and Gu et al. (2019) in conservation Equation 3.12. 

       
𝑑

𝑑𝑡
(𝑟𝑖𝑝𝑖) + ∇(𝑟𝑖𝑝𝑖𝑣𝑖) = 0               (3.12) 

where ∇ = del operator for outer product tensor of the vector field;  𝑖 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑠) (𝑟𝑔 + 𝑟𝑠)⁄ ; 

𝑝𝑖 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎); 𝑟𝑖 is the particle radius (m). The transportation equation was computed 

using Equation 3.13. 

       
𝜕

𝜕𝑡
(𝑟𝑖𝑝𝑖𝑣𝑖) + ∇(𝑟𝑖𝑝𝑖𝑣𝑖𝑣𝑖) = −𝑟𝑖∇𝑝 + ∇. (𝑟𝑖𝜏𝑖) + 𝑟𝑖𝜌𝑖𝑔 − 𝛽𝑣          (3.13) 

where 𝜌𝑖 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔 𝑚3⁄ );  𝑣 = 𝑣𝑒𝑙𝑜𝑠𝑖𝑡𝑦 (𝑚/𝑠); 𝛽𝑣= Surface tension force (N); 

𝑔 = gravity acceleration (m/s2) and 𝜏𝑖 = viscous stress tensor (kg/ms2) where both phases was 

modelled by the Newtonian strain-stress relation using Equation 3.14.  

     𝜏𝑖 = ζ𝑖(∇. 𝑣𝑖)𝐼 + 𝜇𝑖[∇𝑣𝑖 + (∇𝑣𝑖)𝑇] −
2

3
𝜇𝑖(∇. 𝑣𝑖)𝐼            (3.14) 

where 𝐼 = 𝑢𝑛𝑖𝑡 𝑡𝑒𝑛𝑠𝑜𝑟;  𝜁𝑖 = Bulk viscosity of phase (kg/ms); μ = dynamic viscosity (𝑃𝑎𝑠) 

The Non-Newtonian properties of particulates phases taking into accounts modelled particles 

viscosities. The bulk viscosity, ζ𝑖 setting was zero in both phases. The turbulence model was 

useful for prediction of the mean velocity flow (�⃗�) profile for steady state Equation 3.15. 

      (𝑣 ⃗⃗⃗ ⃗.  ∇ ⃗⃗⃗⃗ )𝑣 ⃗⃗⃗ ⃗ =  −
1

𝜌
∇ ⃗⃗⃗⃗  𝑃 + 𝑣 ∇ ⃗⃗⃗⃗  𝑣 ⃗⃗⃗ ⃗ + 𝑓 ⃗⃗⃗ ⃗              (3.15) 

where 𝑃 is the static pressure, 𝑓 is the shear force called shear tensor. The eddy viscosity 𝜇𝑇 

for turbulence kinetic energy Equation 3.16 and energy dissipation rate Equation 3.17 and 3.18. 

       𝜇𝑇 = 𝜌𝐶𝜇
𝑘2

𝜀
                 (3.16) 

       𝜌(�̅�. ∇)𝐾 = ∇. [(𝜇 +
𝜇𝑡

𝜎𝑘
) ∇𝐾] + 𝑃𝑘 − 𝜌𝜀             (3.17)   
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       𝑃(�̅�. ∇)𝜀 = ∇. [(𝜇 +
𝜇𝑡

𝜎𝜀
) ∇𝜀] + 𝐶𝜀1

𝜀

𝐾
𝑃𝑘 − 𝐶𝜀2 𝜌.

𝜀2

𝐾
            (3.18) 

where 𝐶𝜀1,  𝐶𝜀2, 𝜎𝑘, 𝜎𝜀and 𝐶𝜇 are turbulence model parameters; 𝑃𝑘 is the production rate of 

turbulence kinetic energy; 𝜀 is turbulence dissipation; 𝐾 is turbulence kinetic energy (J/kg).     

During simulations and modeling of square, rectangular, circular and triangular base- 

shaped incinerators, the boundary conditions for pressure and air flow velocity at inlets and 

outlet were applied. The walls were treated at constant temperature. The incinerator geometries 

and operating conditions were used in developing models with variations from mean values in 

the boundary conditions as expressed by Huai et al. (2008). The combustion chambers and 

after-burning zones were designed to ensure long holding and reactions times of flue gases at 

higher temperature levels as recommended by Musa et al. (2019). The initial boundary 

conditions included; air inlet density (𝜌𝑜) = 1.292 kg/m3, inlet temperature (𝑇𝑜) = 23 𝑜𝐶 and 

atmospheric pressure (𝑝𝑜) = 101,325 Pa. 

3.5 Analysis of Data   

The solid wastes characterization and incineration emissions data were subjected to 

Statistical Analysis of Systems (software version 8.02) for analysis. The means and standard 

deviations were obtained for waste incineration at varying moisture content, incinerator loading 

rates and operating temperature levels as presented in Table A3.1 in the Appendix. The results 

were subjected to Analysis of Variance (ANOVA) to examine whether there was significant 

differences in their means, Least Significance Difference performed at 5% significance level. 

Mean of each samples means, �̿� is calculated using Equation 3.19 as used by Douglas (2013). 

�̿� =
�̅�1+�̅�2+�̅�3+�̅�4⋯+�̅�𝐾

𝐾
                 (3.19) 

where �̅� = mean of each sample and  𝐾 = number of samples. The sum of squares for variance 

between (𝑆𝑆𝑏𝑡𝑤𝑛), sum of squares within (𝑆𝑆𝑤𝑡ℎ𝑛) and the total sum of squares for variance 

(𝑆𝑆𝑡𝑜𝑡𝑎𝑙) are expressed using Equations 3.20, 3.21 and 3.22 as noted by Kothari (2004). 

   𝑆𝑆𝑏𝑡𝑤𝑛 = 𝑛1(�̅�1 + �̿�)
2

+ 𝑛2(�̅�2 + �̿�)
2

+ ⋯ + 𝑛𝑘(�̅�𝑘 + �̿�)
2

= ∑
(𝑅𝑗)

2

𝑛𝑗
−

𝑇2

𝑛
        (3.20) 

   𝑆𝑆𝑤𝑡ℎ𝑛 = {∑ 𝑋𝑖𝑗
2 −

𝑅2

𝑛
} − {∑

(𝑅𝑗)
2

𝑛𝑗
−

𝑅2

𝑛
} = ∑ 𝑋𝑖𝑗

2 − ∑
(𝑅𝑗)

2

𝑛𝑗
                       (3.21) 

   𝑆𝑆𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑋𝑖𝑗
2 −

𝑅2

𝑛
                 (3.22) 

where 𝑅 = ∑ 𝑋𝑖𝑗 the total values of individual items in all the samples; 𝑖 = 1,2,3, … ;   
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𝑗 = 1,2,3, …;  
𝑅2

𝑛
= correction factor; and 𝑛 = the number within samples. The mean square 

between samples (𝑀𝑆𝑏𝑡𝑤𝑛), mean square within samples (𝑀𝑆𝑤𝑡ℎ𝑛) and 𝐹‑𝑅𝑎𝑡𝑖𝑜 are expressed 

in Equation 3.23 and 3.24 as calculated by Oehlert (2010). 

𝑀𝑆𝑏𝑡𝑤𝑛 =
𝑆𝑆𝑏𝑡𝑤𝑛

(𝑘−1)
   and     𝑀𝑆𝑤𝑡ℎ𝑛 =

𝑆𝑆𝑤𝑡ℎ𝑛

(𝑛−𝑘)
              (3.23) 

𝐹‑𝑅𝑎𝑡𝑖𝑜 =
𝑀𝑆𝑏𝑡𝑤𝑛

𝑀𝑆𝑤𝑡ℎ𝑛
                        (3.24) 

The statistical outputs of Statistical Analysis of Systems (SAS) were summarized in various 

tables and graphs and observations were discussed in details in chapter four.  

3.6 The Incineration Compliance, Enforcement and Performance 

This section demonstrates the developed risk assessment methods based on specific 

regulatory standards/limits and performance indicators in use. The risk assessment outputs 

would be used to reflect efforts in regulation of individual processes and categories. The 

incineration compliance assurance programme would influence significantly the social value, 

effectiveness and the Government efforts in implementations of environmental policies and 

laws. The development and implementation of these management decisions would be based on 

identification of regulated community, adequate prioritization and precise rules of conduct and 

safety requirements.  

3.6.1 Incineration Compliance Assurance  

The incineration compliance comprises of determinations of facility status, description of 

all monitoring parameters, record keeping, reporting, test methods and continuous conformity 

with each applicable administrative requirements. Compliance rates rely on thoroughness and 

frequency of inspections and the accuracy of self-reported data. If not achieved, then a detailed 

information of how it would be executed, proposed remedial measures schedule taken, 

including sequence of actions leading to compliance. The incinerators auditing included the 

review of: quality and quantity of waste received and incinerated; prevention measures taken 

to reduce pollutants; assessment of operating records such as monitoring parameters; scheduled 

maintenance; ash quality, handling and disposal practices; and any complaints and incidences 

of unacceptable emissions. The smoke opacity emissions from incineration processes should 

not exceed 20% concentration limits recommended by Environmental Management and Co-

ordination Act- Kenya (1999). 

3.6.2 Incineration enforcement 

The improved environmental quality including reduction of pollutants and health risks is 

the ultimate goal of any inspection and enforcement programme. The enforcement programme 
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includes: imposing a compliance schedules; temporarily or permanently shutting down part of 

an operation or entire facility; denying or revoking a permit; requiring a facility to clean up 

part of environment; emergency powers to enter and correct immediate dangers; and seek 

compensation for damage caused by violation. The mechanisms should be backed by law 

accompanied by procedural requirements to protect the rights of individuals. The penalties 

should be sufficiently serious and effective so that they do serve as a deterrent or to incapacitate 

the offender. The effectiveness of an enforcement strategy depends upon the tools used and 

time spent from detection until sanction against offenders. The incinerators operation was 

monitored using on-line instruments capable of continuously measuring stack emissions and 

combustion processes which including temperature range warning of failures in the system.   

3.6.3 Incineration performance 

The evaluations results are used as basis for identifying problem areas and making changes 

to improve the effectiveness. Another measure of performance is how well an inspection and 

enforcement programme monitors compliance while accountability ensures quality at all levels. 

The penalties indicator are also a measure of success. Periodic reporting of activities 

contributes to deterrence by raising awareness of violations identification and response. 

Mechanisms would be needed to gather and store data, and transfer it at appropriate intervals 

to other programme levels for analysis. The installed continuous monitoring and control 

systems indicates and confirm to good combustion processes and compliance with guideline 

limits, regulations and conditions of approval incorporated. The monitoring parameters 

comprises of: primary and secondary chambers exit temperatures; residual oxygen content of 

flue gases at exit; carbon monoxide, carbon dioxide and total hydrocarbons levels at exit; 

smoke opacity at the stack; and incinerator flue gas volumetric flowrate. The parameters are 

equipped with recording devices for subsequent reference and analysis.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

This chapter discusses the results of solid wastes characterization; incineration emission 

levels; assessment of smoke opacity and bottom ash residues; air flow patterns, velocities 

profiles simulations and fluid dynamics modelling of small-scale incinerators. The graphs were 

generated from Statistical Analysis of Systems (SAS) results. The wastes characterization and 

incineration experiments were replicated thrice and graphs were discussed based on the means, 

standard deviation and Least Significant Different (LSD). The research investigated the effects 

of varying moisture contents, incinerator loading rates, and operating temperature levels on 

incinerator’s performance by analyzing the emitted flue gases and bottom ash residues. The 

smoke opacity of flue gases were assessed and analysed. The observations made when 

conducting experiments are illustrated in Plate A1.1 to Plate A1.4 in the Appendix. The 

experiments raw data are explicitized in Table A2.1 to Table A2.10 in the Appendix. Analysis 

of Variance (ANOVA) results are presented in Table A3.3 and A3.4 and critical values of F-

Distribution at 5 percent level of significance in Table A3.2 in the Appendix.   

4.1 Study Area Solid Waste Management and Incineration Facilities Design  

The effects of poor solid waste management includes: littering of surroundings; impact on 

human health; disease-causing pests; environmental problems; soil and groundwater pollution; 

emission of toxic gases; and impact on land and aquatic animals. However, the treatment and 

disposal includes: recovery and recycling; sanitary landfill; composting; pyrolysis; and 

incineration. If incineration is chosen, equipment must be designed and sized accordingly to 

accommodate different waste types and quantity being produced. The incineration by products 

including toxic pollutants such as dioxin and furans which poses risks, affecting: workers and 

operators; local communities through inhalation and food consumption; regional and global 

through discharge of persistent chemicals.  

4.1.1 Solid waste management 

The solid waste management is a process accorded with best principles of public health, 

economics, engineering, conservation, aesthetics and other environmental considerations and 

that is responsive to public attitudes. Due to improper waste disposal systems, garbage heap up 

has become a menace while people clean their residence and working places, they litter their 

surroundings affecting environment and community as Pinasseau et al. (2018) noted. Exposure 

to improperly handled wastes may cause skin irritations, blood infections, reproductive issues, 

respiratory and growth problems. When garbage decomposes, it produces foul smell, and 
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become breeding ground for different types of disease-causing insects as well as infectious 

organisms. The on-site storage involves proper containerization to minimize these possible 

adverse effects as established by Corbitt (2004). The designed waste segregation system 

depends largely on active participation of the waste generators in various communities and how 

they comply with principles of sorting and separation of garbage as expressed by Miezah et al. 

(2015). The treatment and disposal is the last step in effective waste management and should 

be undertaken only after all other practical reduction and reuse options have been examined.  

4.1.2 Incineration facilities design 

Solid waste incineration is a thermo-decomposition treatment process where components 

present in garbage stream are ionized into harmless elements at higher temperature in presence 

of oxygen, reducing mass of materials from 80 to 85%, while volume between 95 and 96% 

(Niessen, 2010; Petridis & Dey, 2018). Combustion gas temperature, residence time, air supply 

and turbulence should be adequately and properly controlled to achieve the standards 

requirement (Corbitt, 2004). Consequently, open burning is still widely practiced in the study 

area leading to high emission levels, incomplete disinfection and destruction of wastes and 

increased community complaints (Batterman, 2004; Park et al., 2013). 

The design of incinerator should be provided with high degree of gas phase turbulence and 

mixing in combustion zone to ensure effective destruction of combustible substances in flue 

gases. This can be achieved through appropriate location of air jets, changes of gas flow 

direction, baffling, and constriction of cross sectional flow area. Some incinerators in the study 

area incorporated dome shaped at air inlet port and at chimney which led into improved 

combustion efficiency. Moisture condensation at flue gas cleaning systems reduces the overall 

plant life span, which can be avoided by incorporating use of corrosion resistant materials and 

special coatings in designs where it is prone to occur. Regardless of how well equipment is 

designed, wear and tear will lead to components deterioration, resultant decrease in combustion 

quality, increase in emissions, and potential risks to operators and public. The maintenance 

restores and increases the reliability, effectiveness and life of equipment. This process of 

restoration includes: Visual inspections for corrosion, leaks, mortar and seal failures; Testing 

of doors and other moving parts; and regular schedules, such as monthly to quarterly. 

4.2 Characterization of the Solid Waste  

The determination of solid wastes characterization is important in evaluations of systems, 

alternative equipment needs, management of programs and strategic planning. It also enhances 

the implementation of waste disposal, energy and resource options as expressed by Ansah 
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(2014), Aguilar-Virgen et al. (2010). The mean wastes characterization for the Analysis of 

Variance (ANOVA) results from Njokerio, Ng’ondu, Green Valley and Egerton University 

areas are presented in the Table 4.1. 

Table 4.1: Mean solid wastes characterization results from different areas. 

Solid Waste 

Collection Areas 

Moisture 

Content 

(%) 

Volatile 

Matter 

(%) 

Ash  

Content 

(%) 

Fixed 

Carbon 

(%) 

Density 

(kg/m3) 

Calorific  

Value 

(MJ/kg) 

Njokerio Areas 51.29a 23.87a 17.82a 7.02a 307.64a 4.96a 

Green Valley 39.74b 34.86b 15.59b 10.01b 251.83b 6.27a 

Egerton University 27.56c 46.63c 10.06c 15.75c 185.52c 15.87b 

Ng’ondu Areas 45.71b 27.53a 16.37a 10.39b 284.34a 12.53c 

Mean 41.08 33.22 14.96 10.79 257.33 9.91 

LSD 6.0794 3.6832 1.5243 0.9674 23.4168 1.3212 

NB: Wastes characterization mean followed by same letter superscript (a, b, c and d) in same 

column are not significantly different at 𝛼 = 0.05.  

The sampled solid wastes varied according to commercial activities in the area, lifestyles, 

family economic status and the seasons of the year as expressed by Oumarou et al. (2012). The 

moisture contents, volatile matters and ash content from wastes characterization for Njokerio 

and Ng’ondu were similar but their fixed carbon and densities differed slightly, whereas those 

from Green Valley and Egerton University were significantly different at 𝑎 = 0.05.  

4.2.1 Moisture content 

The solid wastes moisture content (MC) is an important characteristic since it influences 

the process of converting organic matters into composite and biogas, use of wastes as fuels and 

designing landfills or incineration plants as established by Miezah et al. (2015), Khamala and 

Alex (2013) and Ogwueleka (2009). Wastes from Njokerio had the highest MC of 51.3% while 

that from Egerton University which was mainly inorganic had the lowest MC of 27.6%. The 

wastes from Njokerio and Ng’ondu were not significantly different but differed with those from 

Green Valley and Egerton University. The high moisture contents from Njokerio area were due 

to higher percentages of organic matters (leftover food), ash residues from cafeterias and 

vegetable garbage from market places. The mean MC calculated F-value of 57.6 in Table A3.3 

(i) in the Appendix was higher than critical value of 4.07 and the respective probability of 0.056 

was greater than α = 0.05 with Least Significant Difference (LSD) of 6.094 percent. This 

implies that solid wastes from Njokerio, Ng’ondu and Green Valley differed significantly as 
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compared with Egerton University. The means solid wastes moisture contents characterization 

results from various areas are given in Figure 4.1.    

 

Figure 4.1: Moisture content mean wastes characterization from different areas. 

The wastes from Green Valley were significantly similar to that of Njokerio showing the 

residence activity were the same. The MC mean  value of 41.1% results also agreed with the 

findings by De-Medina-Salas (2013), Das and Bhattacharyya (2013), Yildiz et al. (2013), 

Chang et al. (2009) and Katiyar et al. (2013) who established that the mean MC ranged from 

15.0 to 68.5%. There was no need of using the auxiliary fuel since the mean MC values did not 

exceed 50% as recommended by De Medina et al. (2013) considering 5% levels of significance. 

However, these results differed with the findings by Alhassan and Tanko (2012) who observed 

that solid wastes from Nigeria had mean moisture contents of 10.3%. The differences could be 

due to high levels of polythene papers, rubber/tyres, photocopying papers and plastics in waste 

reported in literature.  

4.2.2 Volatile matters  

The volatile matters (VM) is the vapour released when solid wastes is heated. As shown in 

Figure 4.2, the wastes from Egerton University had the highest VM of 46.6% since it contained 

higher levels of photocopying papers, polythene papers, litters, rubber and plastics. The Green 

Valley had 34.9% and Ng’ondu 27.5%, while Njokerio had the lowest VM of 23.9%. The solid 

wastes from Njokerio, Green Valley and Egerton University were significantly different since 

the error bars on volatile matters did not overlap implying that residents generated different 

types of garbage. 
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Figure 4.2: Volatile matter mean wastes characterization results from various areas. 

Scrutiny on the statistical results in Table A3.3 (ii) in the Appendix reveals that F-value of 

145.96 was greater than the critical value of 4.07 shown in Table A3.2 in the Appendix with the 

LSD of 3.68%. The results clearly indicated that volatile matters of wastes from concerned was 

significantly different at 5% confidence level. The waste from Njokerio were significantly 

similar to that of Ng’ondu since superscript ‘a’ was the same in that column. The volatile 

matters mean of 32.9% results falls within the findings by Omari et al. (2015), Katiyar et al. 

(2013) and Bernardo (2011) that mean VM of solid wastes ranged from 20 to 46.6% by weight. 

According to USCAR (2014), wastes with high MC and low volatile matters required more 

time to burn an equivalent volume, resulting to use of auxiliary fuels.  

4.2.3 Ash content 

The ash content (AC) is the non-combustible residues left after burning of solid wastes as 

specified by Ansah (2014) and Khamala and Alex (2013). The mean ash content of solid wastes 

from Egerton University and Njokerio ranged between 10.1 and 17.8%. The F-value of 19.54 

Table A3.3 (iii) in the Appendix was greater than critical value of 4.07 at 5% confidence level 

with the LSD of 1.52%. The observations from Figure 4.3 showed that ash contents from 

Njokerio and Ng’ondu were significantly similar but differed with that of Egerton University. 

The waste from Green Valley were significantly similar with those of Ng’ondu. The AC mean 

value of 14.96% results compares well with Chang et al. (2008), Omari (2013) and Katiyar et 

al. (2013) who explicitized that ash content levels ranged between 4.4 and 22.9 %. The AC 
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mean of 10.06% results from Egerton University also agreed with findings by Zhang et al. 

(2010) that mean AC from Chaina had mean values of up to 10.8%.  

 

Figure 4.3: Ash content mean wastes characterization results from different areas. 

 Moreover, the research results of the ash content values were lower than 50% which are 

considered optimal as observed by De-Medina at el. (2013), for use of incineration techniques 

without auxiliary fuels as wastes final treatment to be applied.  

4.2.4 Fixed carbon 

The fixed carbon (FC) of waste is the percentage of carbon available for char in combustion 

processes as specified by Alhassan and Tanko (2012). The solid wastes characterization mean 

fixed carbon from various estates are presented in Figure 4.4. 

 
Figure 4.4: Mean fixed carbon of wastes characterization from different areas. 
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The mean fixed carbon ranged between 7.0 and 15.8% for Njokerio and Egerton University, 

respectively and F-value of 99.85 Table A3.3 (iv) in the Appendix, critical value of 4.07 and 

LSD of 0.967% at 0.95 confidence interval. The fixed carbon from Green Valley and Ng’ondu 

areas were significantly similar but differed significantly with that of Egerton University and 

Njokerio areas. These results agreed with the findings by Omari (2013) and Oumarou et al. 

(2012) who expressed that values of fixed carbon from solid wastes ranged from 1.7 to 16.6%. 

The FC mean value of 10.79% differed with the findings by Katiyar et al. (2013) who noted 

that solid wastes in Bhopal, India had mean of up to 9.5%. This difference could have been due 

to low levels of photocopying papers, polythene papers, plastics and dry litters in the waste 

investigated.  

4.2.5 Calorific value   

The calorific values (CV) depends upon moisture contents, carbon and hydrogen content 

in solid wastes, representing the chemical energy in a given garbage component as 

recommended by Bujak (2010) and Ogwueleka (2009).The calorific values of solid waste from 

various areas in Njoro are presented in Figure 4.5. 

 

Figure 4.5: Calorific value mean wastes characterization from various areas. 

 As observed from Figure 4.5, solid wastes from Egerton University had highest calorific 

value of 15.9 MJ/kg while that from Njokerio had least of 5.0 MJ/kg. As shown in Table A3.3 

(vi) in Appendix, the F-value of 189.4 was above the critical values of 4.07 with LSD of 1.32 

at 5% confidence level. The calorific values of wastes from Njokerio and Green Valley were 

significantly similar but differed significantly from Egerton University and Ng’ondu. The 

results agreed with the findings by Khamala and Alex (2013), Bhattacharyya (2013), Rimaitytė 
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et al. (2010) and Das and Bhattacharyya (2013) who noted that mean calorific value of solid 

wastes ranged between 5 and 44 MJ/kg. The mean CV of 9.9 MJ/kg results exceeded what was 

recommended by Oumarou et al. (2012) that mean CV of 9.5 MJ/kg or less required the use of 

auxiliary fuels for energy recovery. This implied that additional of supplementary fuels for the 

solid wastes incineration in the study areas was unnecessary. 

4.2.6 Density of solid wastes 

The density is important in solid wastes management decisions which includes handling, 

collections, storages, transportations and the designs of disposal equipment. The density of 

wastes from the study areas ranged from 185.5 to 307.6 kg/m3. The waste density for Njokerio 

had the highest while Egerton University had lowest. The solid waste densities from Njokerio 

and Ng’ondu were significantly similar but different with those from the Green Valley and 

Egerton University as shown in Figure 4.6.  

 

Figure 4.6: Density mean waste characterization from various areas. 

The calculated F-value of 104.5 in Table A3.3 (v) in the Appendix was greater than critical 

value of 4.07, LSD of 23.4 at 5% confidence level and a mean of 257 kg/m3. The high values 

of waste density from these areas could be due to ashes residues, market garbage, leftover food 

from restaurants and waste water poured at the collection bins.  Waste from Egerton University 

had the lowest density since it contained high levels of plastics, polythene papers, rubbers, tyres 

which do not absolve water from atmosphere. According to Yildiz et al. (2013), the density 

varied with wastes compactions, compositions and decomposition.    

The wastes density mean of 257 kg/m3 results was in agreement with the findings by 

Suthapanich (2014), that mean wastes density in Thailand ranged from 176 to 350 kg/m3. The 
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results also agreed with findings by Bichi and Amatobi (2013) and Ogwueleka (2009) that 

mean wastes density ranged between180 and 340 kg/m3. However, these results differed with 

the findings by Katiyar et al. (2013) and Fobil et al. (2005) that waste mean density ranged 

from 315 to 540 kg/m3. This difference could have been attributed to ash, food scrapes, glass 

and metals in the waste in the literature. Since solid wastes characterization from Njokerio and 

Ng’ondu areas were significantly similar at 5% level of significance, implied that residents 

have similar economic activities and life styles. 

4.3 Factors Influencing Performance of Solid Waste Incineration Processes 

This section includes findings of solid wastes incineration at varying: moisture contents; 

incinerator loading rates; and operating temperature levels. The incineration processes was 

influenced by solid waste sizes/types, mixing, loadings rates, shape of combustion chambers, 

wall insulations, levels of turbulences and methods of air injections as established by Petridis 

and Dey (2018). The low operating temperature levels, low wastes heating values and reduced 

turbulence resulted into increased residence time and high emissions similar to what Ujam and 

Eboh (2012) and Astrup et al. (2011) experienced. The incineration performance was evaluated 

in terms of flue gas emission levels which were carbon dioxide (CO2) carbon monoxide (CO), 

and hydrocarbon (HC) including smoke opacity and bottom ash residues assessments.    

4.3.1 Effects of wastes incineration at varying moisture contents on emission levels 

 Since moisture content (MC) is a non-burnable components in wastes hence, must be kept 

to a minimum for its easy vaporization during combustion drying phases as specified by 

Niessen (2010) and Huang et al. (2006). The effects of waste incineration at varying moisture 

contents on emissions is presented in Table 4.2.  

Table 4.2: Effects of waste incineration at varying moisture contents on emissions. 

Moisture 

Content (%) 

Carbon Monoxide  

(ppm) 

Carbon Dioxide 

(%) 

Hydrocarbon 

(ppm) 

15 4.619 5.341 507.923 

30 5.744 7.149 688.128 

45 7.539 9.743 856.816 

60 8.873 11.422 1024.734 

75 10.945 13.834 1168.336 

Mean  7.544 9.498 849.186 

LSD 1.0213 1.281 102.308 
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The unpleasantly odour and liquid in association to garbage are due to putrescible organic 

components on leftover foods, vegetables, peeled materials and decaying fruits contaminates. 

These components are nuisance to the community and complicates the incineration processes 

similar to what Oumarou (2015) and  Bradfield (2014) observed. The solid waste in the 

collection bins should be covered or stored inside sheds or other secure buildings to keep rain 

and moisture out. The MC of solid waste during incineration processes should be reduced in 

order to decrease the amount of smoke opacity produced and to increase combustion 

completeness. The mean values for carbon dioxide (CO2), carbon monoxide (CO) and 

hydrocarbons (HC) flue gas emissions during wastes incineration at varying moisture content. 

The means MC for CO, CO2 and HC emissions were different in same column meaning it was 

significantly different at α = 0.05 and increased linearly in the MC as presented in Figure 4.7. 

 

Figure 4.7: Effects of moisture contents on emission levels. 

a) Carbon monoxide emissions at varying moisture contents   

The carbon monoxide (CO) is highly toxic, flammable, colourless and odourless gases 

which is slightly lighter than air and slightly soluble in water. As observed on Figure 4.7, the 

CO emissions increased linearly with increase in moisture contents. The increase in moisture 

contents from 15% through 75% led to subsequent increase in the mean CO from 4.6 to 10.9 
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ppm. Scrutiny in Table A3.1 in the Appendix showed the standard deviation ranging from 0.14 

to 0.73 ppm and mean of 7.5 ppm. The calculated F-Value for CO of 1.079 ppm in Table 

A3.4(i) in the Appendix was lower than the critical value of 2.48 ppm and the respective 

probability of 0.000101 was less than α = 0.05 with LSD = 1.0213. This insinuated that 

additional moisture content into solid wastes significantly influenced the CO emissions in flue 

gas differently. These results agreed with the findings by Batterman (2004) and Salam (2013) 

who stated that CO emissions from waste incineration should not exceed mean 40 ppm. It also 

agreed with finding by Quina et al. (2011) and Neuwahl et al. (2019)  that the daily means CO 

ranged between 5 ppm and 50 ppm for optimum combustion conditions.  

The polyvinyl chloride, polystyrene, plastics and rubbers/tyres generated high CO 

emissions due to its high volatile matter contents. The CO in flue gases contains significant 

amount of energy that could completely be incinerated to produce heat energy and efforts must 

be made to minimize its formation as emphasized by Dong et al. (2016). The mean CO 

emissions increased with rise of MC in the combustion chamber due to vapour (water) gas 

reactions. According to Thompson and Anthony (2005) and Botter et al. (2002) the carbon 

monoxide could be bound by blood haemoglobin stronger than oxygen to form 

carboxyhaemoglobin (COHb) which inhibit supply of oxygen to body tissues. The exposure to 

CO and HC could affect the cardiovascular system, central nervous system, foetus and other 

organs that are oxygen deficient like heart and lungs. 

b) Carbon dioxide emissions at varying moisture contents   

The moisture contents in the waste components highly influenced the carbon dioxide (𝐶𝑂2) 

discharged through incinerator’s chimney/stack. The wastes incineration at varying MC from 

15 through 75% caused mean CO2 emissions to increase from 5.4 to 13.2%. The addition of 

MC into solid wastes, significantly influenced CO2 emissions differently where LSD was 1.281 

and mean of 9.5%. These results were within the findings by Chen et al. (2014) and Macknick 

(2011) who published that CO2 concentrations from flue gas of incinerators ranged from 5 to 

15%. According to Chen and Lin (2010), the higher CO2 emissions the more efficient are 

operating processes hence, air/waste imbalances, misfires, poor design and mechanical 

problems may decrease the CO2 formation. As a greenhouse gas, the CO2 primarily enters the 

human body through inhalation of contaminated air. The CO2 exposure can lead to difficulty 

in breathing, respiratory diseases, asthma, inhibition of the central nervous system, loss of 

consciousness and eventual cardiorespiratory failure, lung cancer and even death as described 

by Cogut (2016).  
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c) Hydrocarbon emissions at varying moisture contents   

The formation and release of hydrocarbon (HC) is strongly dependent on the combustion 

conditions in the system. These includes combustion temperatures, resident time, turbulence, 

air to waste ratios, moisture contents and loading/charging materials as expressed by Dyke et 

al. (2003). Solid wastes incineration at varying moisture contents of 15, 30, 45, 60 and 75 % 

contributed to mean HC emissions of 508, 688, 857, 1024 and 1168 ppm, respectively with 

mean of 849 ppm. As expressed in Table A3.4(iii) in the Appendix the calculated F-Value of 

2.15 ppm was less than the critical value of 2.48 ppm and probability of 0.000117 lower than 

α = 0.05 with LSD being 102.3 ppm. This indicated that waste incineration at varying MC 

significantly influenced mean HC emissions differently. These results were within the findings 

by Lee et al. (2002), Chen et al. (2014) and Saeed et al. (2009) that the hydrocarbons 

concentrations at the chimney ranged from 254 to 1970 ppm. The MC results of less than 45% 

had mean HC emissions lower than 700 ppm which were within the regulatory standards/limits 

recommended by Environmental Management and Co-ordination Act- Kenya (1999). The high 

MC reduces the combustion efficiency leading to high levels of HC emissions. 

The solid wastes containing plastics, polymer, polythene papers and rubber discharged high 

HC emissions, large amount of particulate matters including heavy and dark smoke opacity 

due to incomplete combustion. The higher moisture contents would prolong the wastes drying 

process hence, weakening the combustion efficiency which leads to increased emission levels. 

When incineration very wet solid wastes, the ignition burner should be set to remain on until it 

is completely burned. The wet putrescible materials separation was necessary in order to 

increase waste heating values so as to reduce the flue gas emissions. The incineration 

performance is highly affect by the solid waste MC and heating values.   

4.3.2 Influence of varying incinerator loading rates on flue gas emissions 

The waste incinerator loading rates is also a measure of incineration performance. In this 

study, the overloading of incinerators resulted into increased flue gas emissions and incomplete 

wastes combustion in which the bottom ashes contained unburnt particles. The observations at 

the chimney exit of dark and dense smoke opacity was similar to what was expressed by Straka 

et al. (2018), Saeed et al. (2009) and Tangri (2003). The open wastes burning process is where 

the by-products and materials are burned at lower temperature levels and uncontrolledly 

manner with high flue gas emissions. Most of open wastes burning is unregulated and is nearly 

impossible to measure the emission levels as observed by Kumar et al. (2017) and Park et al. 

(2013). The poorly designed small-scale incinerators at Neveah Court and at Sajendu Hostel 
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which resulted into the non-performance of incineration system leading to open wastes burning 

are shown in Plates 4.1 and 4.2.  

 

Plate 4.1: The poorly designed incinerator resulting to open wastes burning 

 

Plate 4.2: Non-performing incinerator at Sajendu Hostel due to poor design. 

Open wastes burning releases variety of toxic pollutants into the air which includes carbon 

dioxide, methane particulate matter, polycyclic aromatic hydrocarbons, dioxins and furans 

(Cogut, 2016). The concentration of oxygen gradually decreases as the oxidation reaction 

increases. The waste incineration processes at various loading rates mean values for CO, CO2 

and HC emissions are presented in Table 4.3.  
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Table 4.3: Influence of varying incinerator loading rates on flue gas emissions. 

Loading Rate 

(kg/h) 

Carbon Monoxide 

(ppm) 

Carbon Dioxide 

(%) 

Hydrocarbon 

(ppm) 

15 5.022 5.428 252.426 

30 7.474 8.583 594.348 

45 9.053 11.352 837.119 

60 10.534 12.963 993.235 

75 11.784 13.889 1096.128 

Mean 8.773 10.443 754.651 

LSD 1.2312 1.4114 93.5138 

The means were different in respective columns hence the increase in incinerator loading 

rates from 15 through 75 kg/h resulted into significant increase in CO2, CO and HC emissions 

towards maxima at around 75 kg/h. Solid wastes incineration at varying loading rates from 15 

to 75 kg/h resulted into CO, CO2 and HC mean emission values ranging from 5.0 to 11.8 ppm, 

5.4 to 13.9% and 253 to 1096 ppm, respectively. This indicated that the addition of wastes into 

incinerators significantly influenced emission levels differently. The incinerator loading rate 

verses the carbon dioxide, carbon monoxide and the hydrocarbon is presented in Figure 4.8. 

 

Figure 4.8: Influence of incinerator loading rates on gas emissions.  
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a) Carbon monoxide emissions at varying incinerator loading rates   

The incinerator solid wastes loading rates highly influenced the CO discharged through the 

chimney. As observed from Table 4.3, mean CO had 8.77 ppm with LSD of 1.23 and F-value 

of 2.45 ppm in Table A3.4b (i) in the Appendix was lower than critical value of 2.48 ppm.  The 

CO results were within the findings by Astrup et al. (2011) that CO from wastes incineration 

ranged between 4.5 and 16 ppm. However, these results differed with what was published by 

Park et al. (2013), that mean CO emission concentration amounted to 94.1 ppm for sewage 

sludge’s large-scale incinerator. The differences could be attributed by the incinerator used in 

the literature was a large scale and of sewage sludge type, improperly functioning. According 

to Quina et al. (2011), the increase of CO and volatile organic compounds contents in flue 

gases was a strong indication of furnace inappropriate burning conditions which agrees with 

the findings of this study. These improper burning conditions could be adjusted by increasing 

fresh air inlet, reducing pressure below the grid as well as increasing flue gases recycling at the 

combustion chambers. 

b) Carbon dioxide emissions at varying incinerator loading rates   

The higher the CO2 emissions the more efficient are incineration processes. In this study, 

the solid wastes combustion was characterized by vigorous turbulent burning using high 

volumes of air with a consequent high rate of garbage destruction. The CO2 calculated F-Value 

of 3.45% in Table A3.4b (ii) in Appendix was higher than the critical value of 2.48% with LSD 

of 1.41% at 5% confidence level and a mean of 10.4%. This indicated that the increase in 

loading rates subsequently raised the CO2 emission levels. The mean CO2 results was within 

the findings by USCAR (2014) and Rogers and Brent (2006) that mean CO2 emissions 

concentration on flue gases from chimney ranged between 5.4 and 14.7%. Besides, the results 

also were within what Basham et al. (2004) and Tchobanoglous and Kreith (2002) observed, 

that wastes incineration outputted mean CO2 ranging from 1.6 and 16.5%.  

c) Hydrocarbon emissions at varying incinerator loading rates   

The presence of hydrocarbon (HC) emissions in flue gases is a strong indication of 

incomplete wastes combustion of organic compounds. The solid wastes burning at incinerators 

loading rates of 15, 30, 45, 60 and 75 kg/h produced mean HC emissions of 253, 594, 837, 993 

and 1096 ppm, respectively. The calculated F-Value of 7.43 ppm in Table A3.4b (ii) in the 

Appendix was greater than critical value of 2.48 ppm with LSD of 98.2 and mean of 754.7 ppm. 

This signified that as the loading rates increased the HC emissions also expanded. The results 

were within the findings by Wu et al. (2014), Fang et al. (2004) and Yang and Chen (2004) 

that wastes incineration produced HC mean values ranging from 235 to1650 ppm. Waste 



59 
 

incineration containing high levels of plastics, rubber, polythene papers released a large amount 

of HC emissions. According to Thompson and Anthony (2005), the exposure to high levels of 

HC could affect the cardiovascular system, central nervous system, foetus and other organs 

that are oxygen deficient the same way carbon monoxide do. The overloading of combustion 

chambers should be avoided since it leads to blocking of air flow and also reduces gas 

turbulences further.   

4.3.3 Effects of incinerator operating temperature levels on flue gas emissions  

The incinerator operating temperatures is critical to achieving high-efficiency combustion 

and destruction of organic materials. The chambers temperature generation is a function of 

facility unit design, combustion control, waste heating value, raw air supply and auxiliary fuel 

as Government of Nunavut (2012) and Van Caneghem et al. (2012) reported. The incinerators 

were inspected for signs of damage, corrosion or other physical defects before commencement 

of each incineration cycle. Any repairs services were completed before using the equipment to 

ensure the health and safety of operators, nearby community and the environment. The mean 

values of CO, CO2 and HC flue gas emissions are presented in Table 4.4.   

Table 4.4: Mean flue gas emissions at various incinerator operating temperatures.  

Operating Temp 

(oC) 

Carbon Monoxide 

(ppm) 

Carbon Dioxide 

(%) 

Hydrocarbon 

(ppm) 

180 13.743 14.911 1253.343 

360 10.456 11.973 1049.351 

540 8.157 9.613 817.447 

720 6.239 7.495 567.025 

900 5.033 6.133 316.043 

Mean  8.727 10.025 800.642 

LSD 1.1025 1.2824 98.1518 

 

The incinerator should be designed, equipped, built and operated in such a way that the 

temperature levels of the gases is raised to 850oC with a residence time of at least two seconds 

and in the presence of at least 6% of oxygen (Tchobanoglous & Kreith, 2002). Since the means 

of CO, CO2 and HC in Table 4.4 were different in respective columns, it insinuated that gases 

emissions were inversely proportional to increase in incinerator operating temperatures. After 

solid waste burns down and all volatiles have been released, the primary chamber combustion 

air flow levels was increased to facilitate complete incineration of fixed carbon remaining in 
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ash residues. Hence, increasing the operating temperature from 180 to 900ºC caused 

subsequent decrease in flue gas emissions as shown in Figure 4.9.  

 
Figure 4.9: Effects of incinerator operating temperatures on flue gas emissions. 

The turbulent mixing of burnable gases with sufficient oxygen was needed in promoting 

good contact between burning waste and incoming air. This would help in achieving high 

temperature levels which continued to decrease in primary combustion chamber indicating that 

solid waste was completely burned.   

a) Carbon monoxide emissions at varying incinerator operating temperatures  

The solid waste incineration at varying operating temperature levels increasing from 180 

to 900ºC was characterized by decrease in CO emissions from 13.7 and 5 ppm with mean of 

8.7 ppm. The CO calculated F-Value of 4.47 ppm in Table A3.4c (i) in the Appendix was higher 

than the critical value of 2.48 ppm with LSD of 1.1 ppm. The results were in within the findings 

by Lombardi et al. (2013), Rogers and Brent (2006) and Rufo and Rufo J (2004) where 

emissions reduced to 5 ppm with increase in temperatures. The high mean values of CO at low 

operating temperature levels reflected inefficiency in the combustion process, incomplete 

destruction of organic compounds and loss of energy that should have been released in the 

incineration process. Moreover, the findings disagreed with Park et al. (2013) and Chen et al. 

(2014) expressed that CO concentrations from large scale wastes incineration ranged between 
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54 ppm and 618 ppm. The differences could have been due to insufficient combustion air, poor 

mixing, low operating temperature levels and incinerator used was a large scale type in the 

literature. The variables affecting CO emission concentration includes combustion chamber 

design, residence time, airflow turbulence, flame temperature and oxygen concentration. 

b) Carbon dioxide emissions at varying incinerator operating temperatures  

The increase in operating temperature levels from 180 through 900oC contributed to mean 

CO2 emissions ranging between 14.9 and 6.1% with mean 10%. The CO2 calculated F-Value 

of 5.22% in Table A3.4c (ii) in the Appendix was greater than critical value of 2.48% with LSD 

of 1.28%. The results agreed with the findings by Omari (2013), Environment Canada (2013), 

and USEIA (2011) who witnessed mean CO2 emission levels from wastes incineration ranging 

between 14.9 to 4.2%. Also Chen et al. (2014) experienced similar trends where the emission 

levels reduced from 13 to 5% with increase in operating temperature levels. Similarly, these 

results differed with the ambient air quality tolerance limits of 4.0% in Table 2.3 in Chapter 

Two on residential/rural areas as well as what Musale and Padhya (2013) reported that CO2 

produced had a mean value of 18.4%. According to Macknick (2011) the CO2 was higher at 

high temperatures due to released carboxyl, while CO and HC were produced instead of CO2 

at low temperatures due to cracking of volatile matters in wastes. 

c) Hydrocarbon emissions at varying incinerator operating temperatures    

The decreasing of mean HC emissions from 1253 to 316 ppm was contributed by 

subsequence increase in the operating temperature levels from 180 to 900oC. These results were 

within the findings by Lai et al. (2017) who published that mean HC ranged between 1,650 and 

278 ppm. Besides, the mean HC emissions for operating temperature above 720oC were within 

the ambient air quality tolerance limits of 700 ppm specified by Environmental Management 

and Co-ordination Act- Kenya (1999). However, the HC results disagreed with the findings by 

Conesa et al. (2009) that mean HC emissions from large scale sludge waste incinerator at 850oC 

ranged between 117,740 and 4,376 ppm. The difference in emissions could have been due to 

inadequate waste-to-air mixing ratios, cold spots and as well as waste variety, air velocity and 

combustion mode, lack of maintenance and defective facility as reported by You (2008). The 

oxidization of combustible elements requires higher temperatures to ignite constituents, mixing 

of the materials with oxygen, turbulence and sufficient residence time for complete combustion 

as noted by Rimaitytė et al. (2010) and Doka (2003). When combustion chambers conditions 

are lowered chlorine and fluorine in wastes would be converted into acid hydrogen halides and 

hydrocarbon, part of which would react to form metal chlorides. Incinerators should be 

designed to burn complex mixtures of waste, hazardous and biomedical waste at a temperature 
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higher than 1000oC and holding time of at least two seconds to ensure complete combustion 

and to minimize dioxin and furan emissions (Government of Nunavut, 2012).  

4.3.4 Assessment of smoke opacity at the chimney 

The incinerators at Community Resource Center and Green Valley showed dark and dense 

smoke with excessive particulate matter emissions as shown in Plate 4.3 and 4.4, respectively. 

 

Plate 4.3: Dark and dense smoke at Community Resource Centre incinerator 

 

Plate 4.4: Dark and dense smoke from overloaded incinerator at Green Valley. 
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In this study, the smoke opacity obtained provided an indirect measurements of particulate 

matters concentration in chimneys which reflected the incineration performance and compares 

well with findings expressed by Park et al. (2013) and Rogers and Brent (2006). The fly ash 

consisted partially of burned dust-like grey organic matters ranging from 10 to 15% of the total 

ash residues as Reddy et al. (2018) and Lima and Bachmann (2002) established. The smoke 

evolution, including prolonged burning time and maximum intensity, varied with the type and 

quality of waste material burned. The smoke opacity was relatively high for waste containing 

rubber, polystyrene and plastics but lowest on rice hulls, photocopying papers and other dry 

agricultural residues.  

As observed from Figures 4.7, 4.8 and 4.9, the high values of moisture contents and 

incinerator loading rates had direct relations to high flue gas emissions leading to dark and 

dense smoke but related indirectly to operating temperature levels. It was noted that solid 

wastes from Egerton University contained synthetic resins plus photocopying papers, 

polythene papers, dry rubbish and grass which ignited easily releasing less smoke. The high 

MC, fixed carbon and low calorific value in wastes causes  maximum smoke opacity to be 

reached quickly leading to emissions of larger amounts of fine particulates within a short time 

similar to  what  Wang et al. (2015) and Ujam and Eboh (2012) reported. The particulate 

matters (PM) in flue gas was produced due to incomplete wastes combustion leading into 

respiratory irritations in both animals and human beings as emphasized by Park et al. (2013) 

and Thompson and Anthony (2005).  

4.3.5 Assessment of bottom ash residues 

The formation of bottom ash residues may be affected by various factors including furnace 

type, capacity, loading rate, residence time, flue gas velocity and combustion temperature 

levels as well as waste compositions. Moreover, the volatilization of waste materials increased 

with increase in furnace temperature which directly affected the concentration of elements in 

the bottom ash residues. As observed in Figure 4.10, the physical and chemical properties of 

incinerated bottom ash varied with types and sources of wastes, moisture contents, incinerator 

loading rates and operating temperatures. The results indicated that, wastes incineration at high 

loading rates of 75 kg/h and moisture contents of 60% and low operating temperature level of 

180oC resulted in bottom ash containing slag and partially unburned organic matter. It also led 

to bottom ash containing large pieces of unburned materials (other than incombustible such as 

glass, cans and pieces of metal). These ash residues were generally black, coarse and sandy in 

appearance indicating poor incineration performance. The black residues indicated higher 

percentage of carbon remains in bottom ash. The results agreed with findings by Bernardo 
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(2011) and Guendehou et al. (2006) that combustion was incomplete for dark gray and black 

colour which was attributed to unburned contents. 

 

Key: MC- Moisture Content;   LR- Loading Rate; OT- Operating Temperature 

Figure 4.10: Bottom ash residues from different experiments. 

The wastes incineration at lowest loading rate of 15 kg/h, least MC of 15% and highest 

operating temperature level of 900oC produced finest and grayish bottom ash residues, 

indicating a good incineration performance. As an indicator of ash quality, white and grayish 

ashes revealed low percentage of carbon remnant in bottom ashes insinuating wastes complete 

combustion comparing closely with findings by Alhassan and Tanko (2012) and Earle (2003). 

Some of good performing small-scale incinerators with high quality bottom ash indicated by 

white and grayish ash residues are presented in Plate A1.2 and A1.3 in the Appendix. According 

to Chang et al. (2009), the particulate matter of 𝑃𝑀10 concentrations may cause severity and 

incidence of respiratory diseases such as aggravated asthma, coughing and painful breathing, 

chronic bronchitis, and lung malfunction. Therefore, the formation of 𝑃𝑀10 should highly be 

minimized by the use of effective air pollution control devices.  

4.4 Air Flow Patterns and Velocity Profiles Simulation for Small-Scale Incinerators 

This research covered incinerators at Egerton University, Community Resource Centre and 

Janda Plaza including domestic one from the same neighbourhood at Green Valley. The air-
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flow measurements using air-flow meter for the Stalla residential incinerator at Ng’ondu areas 

is presented in Plate A1.3 in the Appendix. According to Ryu et al. (2002), the computational 

fluid dynamics play key roles in validation and optimization of the incinerators combustion 

designs and operations through production of valuables information on air/gas flowing fields. 

The combustion flow patterns, air/gas mixing and velocity and their clear views of complexities 

across the small-scale incinerators have been discussed.  

4.4.1 The Egerton University dispensary incinerator air-flow and velocity simulations  

The incinerator at Egerton University dispensary air flow patterns and velocity profiles 

were simulated as shown in Figure 4.11. The incinerator air inlet port and combustion chamber 

sizes were enough to accommodate air flowing, flue gases and waste streams with no 

obstructions at the entrance. The contour plots showed that flue gas flowing velocities profiles 

reached maximum value of 5.15 m/s at chimney exit and registered velocity of 1.92 m/s at air-

entry port. The flue gas entry into the chimney from combustion chamber had a velocity of 

2.81 m/s showing smooth flow. 

 

Figure 4.11: Airflow patterns and velocity profiles for dispensary incinerator.  
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The airflow particles in front and back walls were overlapping and induced flows towards 

grates, increasing its velocity profiles towards the chimney. The flow velocity distribution 

homogenized along flue gas path-way up to chimney exit without obstructions showing flow 

improvement and increased incineration efficiency. The incinerator had an even distribution of 

gases flow velocities especially in regions close to furnace walls indicating sufficient mixing 

conditions across all sections of combustion chamber, showing good incineration performance. 

The air-flow velocity of maximum 5.14 m/s results within the findings by Sachdev et al. (2012) 

in a vertical symmetry plane furnace which had a maximum velocity of 5.16 m/s. The results 

differed with findings by Brunner et al. (2009) that maximum flue gas velocity obtained in 

furnace was 17 m/s. The difference could be the literature incinerator was a large-scale type 

with blowers and had high loading rate and too long chimney. The Egerton University 

dispensary incinerator exhibited the finest and grayish white bottom ash residues an indication 

of wastes complete combustion which is presented in Plate A1.3 in the Appendix.   

4.4.2 The Green Valley residential incinerator airflows and velocities simulation 

The flue gases flow patterns and velocity profiles simulation for the incinerator at Green 

Valley residential home are presented in Figure 4.12. The maximum mean gas flow velocities 

at chimney exit was 4.34 m/s in a cloudy day. The air flow velocity at the air inlet port was 

1.68 m/s and the gas flow velocity into entry of chimney from the furnace was 2.48 m/s.  

 

Figure 4.12: Incinerator airflow patterns and velocity profiles simulations. 
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The incinerator had a domed shape at air  entry port and stack entry which reduced sudden 

contraction hence improving venture and gas flow velocities similar to what  N’wuitcha et al. 

(2014), Ayaa et al. (2014) and Genick (2007) employed in their research. The results of 4.34 

m/s were within the findings by Yang et al. (2004) that maximum flue gas velocities obtained 

in a hazardous waste incinerator yield to 4.3 m/s. The velocity profiles distributions were 

homogeneous along the flue gas flow pass way leading to good incineration performance. The 

finest and grayish white bottom ash signifying complete wastes combustion from the 

incinerator is presented in Plate A1.2 in the Appendix.   

4.4.3 The Community Resource Centre incinerator airflows and velocities simulation  

The Community Resource Centre (CRC) incinerator had a very narrow air inlet port and 

no domed shape at entry to combustion chamber and at stack entry and had very long chimney. 

The air flow patterns and velocity profiles simulations for CRC incinerator are presented in 

Figure 4.13.  

 

Figure 4.13: Air flow patterns and velocity profiles incinerator simulations. 

The simulated CRC incinerator flue gas flowing velocity profiles at the chimney exit and 

inlet port exhibited maximum values of 1.93 m/s and 0.33 m/s, respectively. The CRC 

incinerator low air flow velocity values was due to poor mixing of unburned gases and heat 
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transfer to the surroundings, relatively small heating surface of the post combustion chamber 

and very long and narrow chimney. Also, there were high turbulences and eddies at the 

chimney entry from combustion chamber which contributed to flue gases flowing restrictions. 

These low flue gas velocities at combustion chamber created vacuum, forcing air at the 

chimney exit to flow backward leading to poor incineration performance.  This results of 

backward flow compares well with findings expressed by Gaska and Generowicz (2017) and 

Hussain et al. (2006). However, these results differed with findings by Mashayak (2009) and 

Brosch et al. (2014) who published that the maximum mean velocity of 9.32 and 30.0 m/s 

respectively, for flue gases through an incinerator.  

4.4.4 The Janda plaza incinerator airflows and velocities simulation  

The air-flow patterns and velocity profiles simulation for the incinerator at Janda Plaza 

opposite the Njoro canning factory are presented in Figure 4.14. The incinerator had neither 

domed shape at air entry port nor at the chimney entry to fasten the deflection of gases flowing 

upward. This signified the air flow restrictions in combustion chamber and chimney tunnel. 

 

Figure 4.14: Air flow patterns and velocity profiles for the Janda Plaza incinerator. 
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The maximum gases flow velocity was 3.14 m/s at air entry port and at chimney exit had 

0.94 m/s while at stack entry from combustion chamber produced 0.38 m/s. These high 

restrictions of air flow lead into backward flow of gases from stack exit resulting into poor 

incineration performance. The results differed with findings by Saripalli et al. (2005) who 

illustrated that flue gas velocities from the incinerator had mean of 9.47 m/s. The profiles led 

into incinerator combustion processes insight, where O2 concentrations decreased with increase 

of CO2 composition while CO and HC behavior was associated with imperfect combustion 

under constantly supplied air.    

4.4.5 Incinerator design models and simulations 

The simulations of square, rectangular, circular and triangular based shape incinerator 

models, initial conditions and assumptions were applied for both at inlets and outlets of the 

chimneys while walls were subjected to constant temperature. The models included Non-

Isothermal flow predefined Multiphysics couples employing simulation systems whose 

densities varied with temperatures as specified by Pushpendra and Srivastava (2017). The 

formulation of continuity and momentum are defined by Equations 4.1 and 4.2, respectively. 

∇. (𝜌𝑢) = 0                   (4.1) 

      𝜌(𝑢. ∇)𝑢 = ∇ [−𝑝𝐼 + (𝜇 + 𝜇𝐼)(∇𝑢 + (∇𝑢)𝑇) −
2

3
 (𝜇 + 𝜇𝑇)(∇. 𝑢)𝐼 −

2

3
𝜌𝑘𝐼] + 𝐹        (4.2) 

where 𝜌 is density (kg/m3), 𝑢 is velocity (m/s), 𝑝 is pressure (Pa), 𝜇 is dynamic viscosity (Pas),  

𝐹 is body force vector (N/m2), 𝐼 is unit tensor, 𝑘 is thermal conductivity, 𝑇 is temperature (K), 

𝜇𝑇 is the turbulent eddy viscosity which emulates the effect of unresolved velocity fluctuations 

and ∇ is del operator for outer product tensor of the vector field with respect to space and has 

neither magnitude nor direction. The standard k-ε model 𝜇𝑇 is given by Equation 4.3. 

𝜇𝑇 = 𝜌𝐶𝜇.
𝑘2

𝜀
                   (4.3) 

where 𝐶𝜇 is a model constant, and 𝜀 is the dissipation rate of turbulence energy. The production 

term, 𝑃𝑘 is given by Equation 4.4. 

𝑃𝑘 = 𝜇𝑇 [∇𝑢. (∇𝑢 + (∇. 𝑢)𝑇) −
2

3
(∇. 𝑢)2] −

2

3
𝜌𝑘∇. 𝑢              (4.4) 

The transport equation for 𝑘 is given by Equation 4.5. 

𝜌(∇. 𝑢)𝑘 = ∇. [(𝜇 +
𝜇𝑇

𝜎𝑘
) ∇𝑘] + 𝑃𝑘 − 𝜌𝜀                 (4.5) 

The transport equation for 𝜀 is given by Equation 4.6. 

𝜌(∇. 𝑢)𝜀 = ∇. [(𝜇 +
𝜇𝑇

𝜎𝜀
) ∇𝜀] + 𝐶𝜀1.

𝜀

𝑘
𝑃𝑘 − 𝐶𝜀2𝜌

𝜀2

𝑘
               (4.6) 

where 𝐶𝜇 = 0.09;  𝐶𝜀1 = 1.44;  𝐶𝜀2 = 1.92;  𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.3. 
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The gas flow velocities at the entry and chimney exit of the square based shape incinerator 

model were 2.26 and 5.19 m/s, respectively as shown in Figure A1.3 in the Appendix. The flue 

gas particle entered the chimney from combustion chamber at a velocity of 3.13 m/s and since 

the incinerator had no sudden contraction, there was smooth turbulence without creation of 

eddies. The incinerator displayed a good incineration performance. The gas flow patterns and 

velocity profiles simulated for this incinerator differed with the findings by N’wuitcha et al. 

(2014) which had a maximum gas flow velocity of 8.95 m/s in an isotherms distribution.  

The simulation model for rectangular based shaped incinerator had gas particles flow 

velocity at the entrance to chimney of 2.02 m/s as shown in Figure A1.4 in the Appendix. The 

simulation of air flow patterns and velocity profiles for rectangular based incinerator, the gas 

particles attained a maximum velocity of 4.32 m/s at chimney exit and at air-inlet port had 1.76 

m/s. The particle resistance to flow and subsequent large pressure drop dominated flow field 

distribution and its results were within findings by Lombardi et al. (2013) and HCWM (2009).  

On the other hand, simulations of gas flow patterns and velocity profiles for circular-based 

incinerator exhibited maximum flue gas flow velocity of 6.43 m/s at chimney exit and 1.84 m/s 

at air inlet port as shown in Figure A1.5 in the Appendix. The flue gas particles velocity at entry 

to chimney from combustion chamber was 2.91 m/s which resulted into smooth turbulences 

and no eddies. The air flow passed under the grate with a swirl flowing directly to combustion 

chamber increasing the rate of wastes incineration. The burning swirling air reacted with 

unburned wastes and flue gas particulate matters for complete combustion processes as noted 

by Saripalli et al. (2005). The circular based shaped incinerator yielded good incineration 

performance except that producing true circular shapes from natural stones during construction 

is a challenge. The incinerator was the best in terms of performance.  

The air flow patterns and gas velocity profiles of particles in the triangular based incinerator 

attained values of 1.37 m/s at the air entry port and 4.26 m/s at chimney exit. The gas flow 

velocity at air entry port was very low causing backward flow of smoke from the chimney exit 

as shown in Figure A1.6 in the Appendix. The results were within findings by Castellani et al. 

(2014) and Sun et al. (2015) that flue gas velocity of the particles a maximum of 4.25 m/s in a 

waste incinerator. In the combustion chamber, flue gas flow particles depended upon the waste 

type, its heating value and specific grate concept. The turbulences and eddies were high at 

chimney entry from combustion chamber resulting to high restriction of gases flow which 

agreed with findings published by Musa et al. (2019). This type of incinerator model performed 

poorly as compared to other models, but could be of great use where space is limited.   
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The airflow entry and exit velocities at the chimneys for square and rectangular based 

shaped incinerator models were above 2.0 and 2.9 m/s, respectively whereas that for triangular 

and circular-based shaped model were 1.5 and 4.51 m/s, respectively. Interestingly, both entry 

and exit velocities of gases flowing at the chimney for circular-based incinerator model were 

above 3.0 m/s resulting into great incineration performance improvements. The circular based 

incinerator type was more preferred than the other three models. The air flow velocities at entry 

and chimney exit for triangular based shaped model were extremely low at the entry but highest 

at the exit contrary to requirements indicating poor performance.   

4.5 Compliance, Enforcement and Performance 

The good solid waste management policies, prohibitions of practices, maintenance and 

monitoring procedures are effective in reducing the environmental pollutions. The efficient use 

of raw materials would reduce the waste generation, handling, storage, treatment and disposal 

while garbage segregation enables reuse for a different purpose as specified by Government of 

Nunavut (2012). The timely evaluations are done by trends monitoring and actual results 

comparison against the pre-determinable expectations as reported by Lorentsen and Burgeat 

(2004).  

4.5.1 Incineration compliance  

The incinerators construction requires dimensional drawings, adequate plans, tolerances, 

material lists and the quality controls. Permitting programs includes design review ensuring 

acceptable equipment is constructed and utilized; safe operation; maintenance; training of the 

operators; inventory and record keeping of facilities and track utilization as noted by 

Government of India (2009). Incinerator location can affects the plumes dispersion from 

chimneys, ambient concentrations, depositions and exposures to workers and community. 

Besides, smoke opacity at the stack should not exceed 20%, hydrocarbon 700 ppm, carbon 

monoxide 10 ppm and carbon dioxide 10% for industrial areas as specified by Environmental 

Management and Co-ordination Act- Kenya (1999) in Table 2.3 in Chapter Two. The 

incinerators preheating was necessary before any wastes loading to remove any moisture 

vapour in furnace chambers. 

The compliance of study area incinerators was achieved by loading loosely dry cartons, 

photocopying papers, paperboard packing and untreated wood at the bottom during start-up. 

The dry and loose material ignited quickly and burn more evenly than wet, tightly packed 

loadings. The very wet waste materials was added only after the fire was actively burning. This 

practice greatly lowered emission levels, maintained an average temperature of 850oC and 
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improved the incineration performances. Insufficient combustion air at char burndown stage 

would results into ash residues containing excessive amounts of carbon. Thus, moderate levels 

of excess air was introduced at this stage by use of blowers to achieve final destruction of 

carbonaceous material remaining after burning of hydrocarbon.  

The normal incinerators wastes loading and complete mixing of organic vapours and gases 

with adequate oxygen at high turbulence in secondary combustion zone assured completion of 

oxidation reaction processes. During this process some of carbon monoxide and hydrocarbon 

were converted into carbon dioxide and water vapor (steam) hence improving the combustion 

efficiency. Improper design of facilities intended to provide proper turbulence in waste and 

gases would retard and impede the drying, volatilization, and oxidation processes critical to 

high-efficiency destruction of garbage materials. This would results into low throughput, a high 

percent of unburned material in ash residues and serious emissions problems. Improper 

operation of a well-designed furnace by excessive wastes loading or improper balance of draft 

system would produce the same effects. Incinerators must be designed to use air pollution 

control devices, combustion process monitoring and process controls in order to meet the 

emission standards. The smoke opacity should not exceed 20% viewed from 50 m as the  Kenya 

Law Reports (2012) emphasized. 

4.5.2 Incineration enforcement  

The installations, certifications, designing, operations and monitoring of emissions systems 

should comply with environmental standards/limits. The in-stack monitoring provided with 

additional information on furnace process and quantity of emissions released into environment 

which were equipped with visible and audible alarms for warning of any poor incinerator 

operations. The combustion processes monitoring sensors included CO, CO2, O2, and HC 

emissions in flue gases were effective in reducing pollutions, legal liabilities and costs. 

Manufacturer’s operating instructions should be followed to ensuring the design temperatures, 

residence time and turbulences condition were achieved and to avoid the facilities damages. 

Besides, properly trained equipment operators for both normal and emergency conditions was 

necessary where extreme care must be exercised when handling bottom ashes due to its 

hazardousness and when transporting to disposal sites as expressed by Kenya Law Reports 

(2012) and Corbitt (2004).    

4.5.3 Incineration performance 

The proper design and effective operations of an incinerator enables the safe destruction of 

wide ranges of waste materials. Moreover, the increased CO and HC in flue gases strongly 

indicated inappropriate incineration conditions in the furnaces. These improper conditions 
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could be adjusted by increasing raw air inlet to the kilns; reduction of flue gas recycling and 

slight increase of pressure below the grid as noted by Quina et al. (2011). Waste incineration 

at low moisture content, low loading, high operating temperature, high resident time and 

moderate turbulence led to complete combustion. Furthermore, the bottom ash with finest and 

grayish white residues was attributed to waste incineration at lowest loading rate of 15 kg/h, 

lowest moisture content of 15% and highest operating temperature of 900oC which depicted 

into good incineration performance. Besides, the wastes incineration at 900oC resulted into 

mean CO, CO2 and HC emissions which were within the minimum limits of 10 ppm, 10% and 

700 ppm, respectively as specified by the Environmental Management and Co-ordination Act- 

Kenya (1999). The smoke opacity status at the chimney exit and bottom ash residues are some 

of parameters used to measure incineration performance.   

The appropriate incinerators design and continuous monitoring parameters for temperature, 

residence time and combustion air distribution assures the achievement of high combustion 

efficiencies. Achievement of complete combustion would be assessed based on ability of the 

alternative system to meet or exceed the Guideline Limits for carbon monoxide, hydrocarbon, 

smoke opacity, particulate matter, nitrogen oxides, dioxins and furans. Proponents of such 

alternative systems would be expected to provide thorough documentation, including test data 

generated by reputable testing agencies and verified using rigorous verification procedures as 

emphasized by Corbitt (2004). The detailed engineering drawings, specifications and 

calculations to support the design and operating parameters are required for the evaluations. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

The solid wastes incineration disposal methods, constituted of complex processes involving 

economic factors, people’s attitudes, governance issues and other such components which 

contributed to the release of different pollutants into the environment. The solid wastes from 

Njokerio, Ng’ondu and Green Valley were characterized in terms of moisture content, volatile 

matters, ash content, fixed carbon, caloric value and density. Moreover, the solid wastes 

incineration at varying moisture contents, incinerator loading rates and operating temperature 

levels were determined whereas the smoke opacity and bottom ash qualities were assessed. The 

air flow patterns and velocity profiles simulation for small scale incinerators were also 

investigated and used in drawing conclusion and various recommendations made for future 

work in this section. The residential area under study, solid wastes had high densities caused 

by ash residues from jikos, leftover food, vegetables, peelings and waste water poured into the 

collection bins. Solid wastes with high calorific values including plastics, photocopying papers, 

cartons and dry wood have better combustion efficiency. The carbon monoxide (CO), carbon 

dioxide (CO2) and hydrocarbon (HC) emissions increased linearly with increase in moisture 

content during solid wastes incineration. Moreover, the gas emissions of CO, CO2 and HC were 

directly proportional to the incinerator loading rates towards a maximum value, but inversely 

proportional to operating temperature levels.     

The solid wastes incineration at varying moisture content (MC) ranging from 15% through 

75% produced mean flue gas emissions of CO ranging from 5 to 11 ppm, CO2 from 5 to 14% 

and HC from 508 to 1168 ppm. Incineration of solid wastes above 45% of MC, contributed to 

higher mean HC emissions which exceeded the regulatory standards/limits. Therefore, when 

incinerating very wet solid garbage, the ignition burner should be set to remain on until it is 

completely burned. The higher moisture contents would prolong the wastes drying processes 

and weakening the combustion processes which demands use of auxiliary fuels. Therefore, wet 

putrescible materials need to separate in order to increase wastes heating values which in turn 

reduces emissions and energy consumption. The solid waste characterization including heating 

value, moisture content and other chemical properties highly affects the furnace functions and 

fugitive emissions. Wastes incineration at varying incinerator loading rates from 15 kg/h 

through 75 kg/h yielded mean CO ranging from 5 to 12 ppm, CO2 from 5 to 14 % and HC from 

252 to 1096 ppm. The incinerators waste loading rates above normal capacity contributed to 

high HC, CO and CO2 which exceeded the emissions standards/limits and should be avoided. 
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Incinerating wastes at varying operating temperature levels from 180oC to 900oC produced 

mean flue gas emissions of CO, CO2 and HC ranging from 14 to 5 ppm, 15 to 6% and 1253 to 

316 ppm, respectively. The incinerator operating temperature levels above 720oC contributed 

to low mean HC emissions below 700 ppm which was within the regulatory standards. 

Therefore, operating temperatures is one of the key variables that determines the combustion 

conditions and it exert a large influence on emissions formation in wastes incineration system.  

The presence of high levels of HC and CO in flue gases indicates incomplete combustion, 

whereas presences of bottom ash containing large pieces of unburned material is an indication 

of poor incineration performance. Incinerating wastes at low moisture contents, low loading 

rates and high operating temperatures yielded to finest and grayish white bottom ash residues 

which had low percentage of carbon indicating complete waste combustions. Incineration of 

wastes with opposite conditions resulted in to course and black bottom ashes signifying poor 

furnace processes. The physical and chemical properties of bottom ash depends upon the waste 

types, moisture contents, incinerator loading rates and operating temperature levels.  

The wastes with high moisture contents and high incinerator loading rates contributed to 

high emissions resulted into dark and dense smoke but are indirectly related to the operating 

temperatures. Incinerating waste at higher operating temperature levels, high residence/holding 

time and moderate air turbulence, would result to complete combustion. Wastes incineration 

with high fixed carbon and calorific values caused heavy and dense smoke opacity, leading to 

large amounts of fine particulate matter being released into the environment.  

The simulations for Egerton University dispensary incinerator showed evenly of the gases 

flow and velocity profiles distributions, indicating best incineration performance. It had a 

maximum velocity of 5.15 m/s at chimney exit and 1.92 m/s at air-entry port. Moreover, the 

incinerator at Green Valley areas was better in performance as compared to that of Community 

Resource Centre (CRC) which was very inefficient due poor design. The incinerator at CRC 

had a very narrow air inlet port, very long and narrow chimney, no dome shaped at air entry 

and at stack resulting to flue gases flowing backward. Also, the performances for square, 

rectangular and circular based incinerator models were better than that of triangular-based. 

Circular based incinerator model was the best whereas the triangular-based design produced 

the worst incineration performance.  

The two small-scale incinerators at Egerton University Dispensary and the domestic one 

from the same neighbourhood at Green Valley area were able to meet the Environmental 

Management and Co-Ordination Act, on Ambient air quality standards. The other small-scale 

incinerators were unable to meet the emissions standards/limits. Moreover, the small-scale 
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incinerators cannot fully meet the emissions standards/limits since they are not incorporate with 

air pollution control devices although, when operated effectively can lower the possible 

emissions. Some of effective practices includes good incinerator design ensuring combustion 

conditions were appropriate, detailed construction dimensional plans and proper operational 

schedules ensuring appropriate start-up and cool-down procedures with inspection and planned 

maintenance. The incineration combustion efficiency improvement through the continuous 

emission monitoring would effectively reduce the flue gas emissions and increase the quality 

of bottom ash residues.   

5.2 Recommendations 

The current waste management practice where solid waste materials are all mixed together 

at generation, collection, transportation and finally disposal should extremely be discouraged. 

Solid waste segregation at source should be the standard practice in all households and medical 

facilities. If proper segregation is achieved through training, clear standards, and tough 

enforcement, then resources can be used to management the small portions of waste stream 

needing special treatment. Open burning of solid waste is widely used by area residents, as a 

means of disposal and there should be a rigorous campaign lobbying for an end to the practice. 

In order to broaden the understanding of performance of small-scale incinerators and emission 

levels of flue gases, further research is recommended in the following areas:  

i. Optimization of process parameters such as incinerator feeding rate, moisture 

content and incinerator operating temperature and flue gas flow patterns and 

velocity vectors.  

ii. Mathematical modelling and simulations of turbulence-thermal interaction in solid 

waste incinerators.  

iii. Construction of the designed rectangular, square, circular and triangular base 

shaped incinerator models of equal capacity and test them for incineration 

optimization.   
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APPENDIX I 

Dumpsite, Incinerators, Gas Analyzer and Model Simulations 

 

Dumpsites at Ng’ondu areas collection bins.  Note the high proportion of polythene papers. 

Plate A1.1: Stone built collection bin at Ng’ondu areas damped with waste. 

 

Researcher and Supervisor checking on bottom ash quality  

Plate A1.2: Small-scale domestic incinerators at Green Valley areas 
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Plate A1.3: Good performance Small-scale incinerator at Egerton University dispensary 

 

 
Plate A1.4: Air flow measurement into a small-scale incinerator at Stalla Hostel. 
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1-Printer 5-CO2 display             9-O2 display 13-Print key                    17-Enter key      

2-RPM display           6-NOx display  10-Zero key                  14-Auxiliary key         18-Shift key      

3-CO display      7-HC display                  11-Calibration    15-Cursor key   19-Escape key 

4-Temp display    8-Lambda display                   12-Pump key  16-Cursor key   

Figure A1.1: Front view of the flue gas analyser. 

 

 

20-Temp probe socket          25-Flue gas inlet 30-Condensation drain    35-NOx terminal 

21-Induction socket     26-O2 sensor                                       31-Condens separator 36-Power socket 

22-Condens glass   27-NOx sensor 32-Computer terminal 37-Main power switch       

23-Condens air inlet 28-Flue gas outlet                                       33-NOx sensor terminal 38-Seal test plug 

24-Air inlet                    29-Flue-probe inlet 34-Power terminal sockets                     

Figure A1.2: Rear view of the flue gas analyser. 
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Figure A1.3: Square based incinerator model air flow patterns and velocity profiles. 

 

 

Figure A1.4: Rectangular incinerator model airflow patterns and velocity profiles. 
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Figure A1.5: Circular based incinerator model Air flow patterns and velocity profiles. 

 

Figure A1.6: Triangular based incinerator model air flow patterns and velocity profiles. 
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APPENDIX II 

Characterization and Incineration Processes Raw Data 

Table A2.1: Solid waste characterization of moisture content, volatile matter, ash 

content, fixed carbon, density and caloric value raw data. 
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Table A2.2: Waste incineration at varying moisture content of 15 and 30 % raw data. 
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Table A2.3: Waste incineration at varying moisture content of 45 and 60% raw data. 
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Table A2.4: Waste incineration at varying moisture content of 75% raw data. 
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Table A2. 5: Wastes incineration at varying loading rates of 15 and 30 kg/h raw data. 
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Table A2.6: Wastes incineration raw data at varying loading rates of 45 and 60 kg/h. 
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Table A2.7: Solid wastes incineration at varying loading rates of 75 kg/h raw data. 
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Table A2.8: Waste incineration at varying operating temperatures of 180 and 360oC. 
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Table A2.9: Waste incineration at varying operating temperatures of 540 and 720oC. 
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Table A2.10: Waste incineration at varying operating temperatures of 900oC. 
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APPENDIX III 

ANOVA Results and Critical F-Values 

Table A3.1: Mean and standard deviation results from solid waste incineration. 

Solid Waste 

Incineration 

No. 

Rep 

Carbon Monoxide  

(ppm) 

Carbon Dioxide 

(%) 

Hydrocarbon 

(ppm) 

Mean Std Dev Mean Std Dev Mean Std Dev 

MC of 15% 3 4.6193 0.1473 5.3414 0.1497 507.923 42.434 

MC of 30% 3 5.7446 0.3678 7.1493 0.2715 688.128 59.356 

MC of 45% 3 7.5394 0.4351 9.7431 0.5324 856.816 76.173 

MC of 60% 3 8.8732 0.5463 11.4224 0.8506 1024.734 92.856 

MC of 75% 3 10.9451 0.7347 13.8343 1.2673 1168.336 112.334 

LR of 15 kg/h 3 5.0224 0.2132 5.4281 0.2485 252.426 17.286 

LR of 30 kg/h 3 7.4743 0.4598 8.5832 0.5277 594.348 48.672 

LR of 45 kg/h 3 9.0531 0.6886 11.3524 0.9875 837.119 72.245 

LR of 60 kg/h 3 10.5345 0.7743 12.9631 1.1372 993.235 94.863 

LR of 75 kg/h 3 11.7842 0.9157 13.8892 1.2313 1096.128 102.128 

OTL of 180oC 3 13.7434 1.2136 14.9112 1.2847 1253.343 118.236 

OTL of 360oC 3 10.4563 0.8532 11.9734 0.9323 1049.351 94.723 

OTL of 540oC 3 8.1571 0.7213 9.6132 0.5217 817.447 79.547 

OTL of 720oC 3 6.2392 0.4502 7.4951 0.3602 566.025 46.362 

OTL of 900oC 3 5.0334 0.2236 6.1334 0.2351 316.043 22.756 

Where: MC-Moisture Content; LR-loading Rate;  OTL-Operating Temperature Levels 
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Table A3.2: Critical Values of F-Distribution at 5 percent  

𝒗𝟏
𝒗𝟐

⁄  1 2 3 4 5 6 7 8 12 24 ∞ 

1 161.4 199.5 215.7 224.6 230.2 234.0 237 238.9 243.9 249.1 243.3 

2 18.51 19.00 19.16 19.25 19.30 19.33 19.4 19.37 19.41 19.45 19.50 

3 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.74 8.64 8.53 

4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 5.91 5.77 5.63 

5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.68 4.53 4.36 

6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.00 3.84 3.67 

7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.57 3.41 3.23 

8 5.32 4.46 4.07 3.84 3.69 3.58 3.50 3.44 3.28 3.12 2.93 

9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.07 2.90 2.71 

10 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 2.91 2.74 2.54 

11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.79 2.61 2.40 

12 4.75 3.88 3.49 3.26 3.11 3.00 2.91 2.85 2.69 2.51 2.30 

13 4.67 3.80 3.41 3.18 3.02 2.92 2.83 2.77 2.60 2.42 2.21 

14 4.60 3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.53 2.35 2.13 

15 4.54 3.68 3.29 3.06 2.90 2.79 2.66 2.64 2.48 2.29 2.07 

16 4.49 3.63 3.24 3.01 2.85 2.74 2.61 2.59 2.42 2.24 2.01 

17 4.45 3.59 3.20 2.96 2.81 2.70 2.58 2.55 2.38 2.19 1.96 

18 4.41 3.55 3.16 2.93 2.77 2.66 2.54 2.51 2.34 2.15 1.92 

19 4.38 3.52 3.13 2.90 2.74 2.63 2.52 2.48 2.31 2.11 1.88 

20 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.28 2.08 1.84 

21 4.32 3.47 3.07 2.84 2.68 2.57 2.49 2.42 2.25 2.05 1.81 

22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.23 2.03 1.78 

23 4.28 3.42 3.03 2.80 2.64 2.53 2.44 2.38 2.20 2.01 1.76 

24 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.18 1.98 1.73 

25 4.24 3.38 2.99 2.76 2.60 2.49 2.40 2.34 2.16 1.96 1.71 

26 4.22 3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.15 1.95 1.69 

27 4.21 3.35 2.96 2.73 2.57 2.46 2.37 2.31 2.13 1.93 1.67 

28 4.20 3.34 2.95 2.71 2.56 2.45 2.35 2.29 2.12 1.91 1.65 

29 4.18 3.33 2.93 2.70 2.54 2.43 2.34 2.28 2.10 1.90 1.64 

30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.09 1.89 1.62 

40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.00 1.79 1.51 

50 4.03 3.18 2.79 2.56 2.40 2.29 2.20 2.13 1.19 1.74 1.43 

60 4.00 3.15 2.76 2.52 2.37 2.25 2.18 2.10 1.92 1.70 1.39 

120 3.92 3.07 2.68 2.45 2.29 2.17 2.11 2.02 1.83 1.61 1.25 

∞ 3.84 2.99 2.60 2.37 2.21 2.10 2.01 1.94 1.75 1.52 1.00 
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Table A3.3: ANOVA results of solid waste characterization from different areas 

(i) Dependent Variable: Moisture content 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   3 983.097123 327.699135 57.630591 0.0001156032 

Error 8 45.4896235 5.68621274   

Corrected Total             11 1028.57216    

 

(ii) Dependent Variable: volatile matters 

Source DF Sum of Squares Mean Square      F‑Value     Pr > F 

Model   3 906.574823115 302.19161 145.957812 0.00191121 

Error 8 16.5632344324 2.0704043   

Corrected Total             11 1250.16411232    

 

(iii) Dependent Variable: Ash Content 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   3 103.6987013 34.5662338 19.5481335 0.000165854 

Error 8 14.1461010 1.7682626   

Corrected Total             11 117.8448000    

 

(iv) Dependent Variable: Fixed carbon 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   3 118.8241337 39.60803 99.85323323 0.000179143 

Error 8 3.173311233 0.396663   

Corrected Total             11 126.1715112    

 

(v) Dependent Variable: Density 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   3 25358.15312 8452.7181133 104.51961 0.0001140192 

Error 8 646.9769113 80.872111233   

Corrected Total             11 26005.13115    

 

(vi) Dependent Variable: Colorific value 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   3 236.1027583 78.7009194 189.408764 0.0001179109 

Error 8 3.324066667 0.41550833   

Corrected Total             11 239.426825     
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Table A3.4: ANOVA results for solid waste incineration processes  

a) Moisture Content at 15, 30, 45, 60 and 75%                 

i. Dependent Variable: CO 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   4 157.011977        39.252994 1.07971169 0.0001013426 

Error 75 2726.63034 36.355071   

Corrected Total             79 3151.11871    

ii. Dependent Variable: CO2  

Source DF Sum of Squares Mean Square     F‑Value      Pr > F 

Model   4 546.506011 136.626523 2.319463 0.000101467 

Error 75 4417.82692 58.9043616   

Corrected Total             79 4964.33291    

iii. Dependent Variable: HC 

Source DF Sum of Squares  Mean Square         F‑Value         Pr > F 

Model   4 3196667.68 799166.7 2.1529917 0.00011709 

Error 75 27839169.37 371188.9   

Corrected Total             79 303711294.23    

 

b) Incinerator loading rate of 15, 30, 45, 60 and 75 kg/hr  

i. Dependent Variable: CO 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   4 448.207123 112.0518123 2.4478353 0.0001015442 

Error 75 3433.19224 45.77589112   

Corrected Total             79 4502.86612    

 

ii. Dependent Variable: CO2 

Source DF Sum of Squares Mean Square      F‑Value     Pr > F 

Model   4 762.6932243 190.67331147 3.45413923 0.000101705 

Error 75 4140.103231 55.201381234   

Corrected Total             79 4902.796132    

 

iii. Dependent Variable: HC 

Source DF Sum of Squares Mean Square       F‑Value     Pr > F 

Model   4 7513005.73265 1878251.113 7.43492516 0.000118099 

Error 75 18946910.3327 252625.5231   

Corrected Total             79 26459916.2314    
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c) Operating Temperature Levels of 180, 360, 540, 720 and 900oC                      

(i) Dependent Variable: CO 

Source DF Sum of Squares Mean Square     F‑Value     Pr > F 

Model   4 819.2214162 204.8054023 4.46598623 0.00010118 

Error 75 3210.126123 45.85894112   

Corrected Total             79 4029.347115    

(ii) Dependent Variable: CO2  

Source DF Sum of Squares Mean Square         F‑Value         Pr > F 

Model   4 945.4569123 236.36421342 5.2190961 0.000102681 

Error 75 3170.184122 45.288350433   

Corrected Total             79 4115.641124    

(iii) Dependent Variable: HC 

Source DF Sum of Squares Mean Square       F‑Value       Pr > F 

Model   4 8770486.112 2192621.428 8.44509613 0.0001029902 

Error 75 19472438.117 259632.5126   

Corrected Total             79 28242921.107    
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The Journal Publication Abstract  

Solid waste management is challenging and incineration technique is more preferred to 

other methods in reduction of mass and volume, removal of odour and energy recovery in both 

industrial and residential environments. The challenges facing residents at Njokerio, Ng’ondu 

and Green Valley estates in Njoro, Kenya included poorly designed open-wastes collection 

systems, exceeding incinerator loading rates and inappropriate operating temperatures. It also 

include inadequate design specifications, poorly mixed solid wastes with high moisture 

contents resulting to high emissions of noxious heavy dense smoke. The aim of this study was 

to evaluate factors influencing flue gas emissions and performance of small-scale incinerators. 

Data collected were statistically analysed to determine trends, means, F-values and Least 

Significant Different (LSD) at 𝛼 = 0.05. Wastes incineration at varying moisture contents 

(MC) from 15 to 75% produced mean emission values for carbon monoxide (CO), carbon 

dioxide (CO2), and hydrocarbon (HC) ranging between 5 and 11 ppm, 5 and 14%, and from 

508 to 1168 ppm, respectively. Varying the incinerator loading rates from 15 to 75 kg/h yielded 

means CO ranging between 5 and 12 ppm, CO2 from 5 to 14%, and HC between 252 and 1096 

ppm. Waste incineration at varying operating temperature levels from 180 to 900°C contributed 

to mean emissions for CO, CO2 and HC ranging from 14 to 5 ppm, 15 to 6% and 1253 to 316 

ppm, respectively. The Egerton University dispensary incinerator had the best incineration 

performance compared to the rest. High moisture contents, overloaded incinerators and low 

operating temperature levels contributed to high emission levels of flue gases leading to dark 

and dense smoke which resulted into incomplete wastes combustion indicating poor 

incineration performance. Wastes incineration at low loading rates, low moisture contents and 

high operating temperatures produced white and fine bottom ash, low levels of carbon, 

implying complete wastes combustion.  
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