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ABSTRACT 

 

Municipal solid waste management has become a challenge in many cities in the developing 

countries due to the poor methods of waste disposal, which increase the risk of the spread of 

diseases, leach and increase the demand of land for waste disposal. Characterization study of 

waste samples from Arusha shows that the combustible fraction is about 87% and 

biodegradable is 80%. The Thermal gravimetric analyser and Bomb calorimeter show the 

energy value of about 12.5 MJ/kg and the degradation of about 85%. The study shows that the 

municipal solid waste disposal method can be thermal, biological or physical. However, 

thermal method by incineration process is the most preferred and convenient because it 

destroys pathogens and reduces waste volume in the fastest way. The waste flow analysis of 

Arusha city shows that the waste has the annual recoverable potential of 128GWh. The case 

study used an existing incinerator as showed the variation of effluents with operating 

conditions. The design optimization using computational fluid dynamic techniques to predict 

the performance of incinerator showed the deviation of input air by 14%, the mass flow rate 

by 26.5%, the mass fraction of carbon dioxide by 10.4% and slight deviation of nitrogen 

dioxide and carbon monoxide. The research suggested removing the ash during the 

incineration process by using a moving grate mechanism to minimize the possibility of 

formation of NOX. To feed the incinerator by using mechanical means without direct opening 

the door, it suggested to incorporating moving grate mechanism.  The operating conditions of 

the incinerator designed should have the optimum  values for input air one A1-1 as 0.036 39 

kg/s, the input air two A2-1 as 0.030 46 kg/s, the input air three A3-1 as 0.034 09 kg/s, the input 

fuel value as 19.6 kg/h and the maximum capacity of incinerator as 68 kg/h. 
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CHAPTER ONE 

 

GENERAL INTRODUCTION AND BACKGROUND 

 

1.1. Introduction 

 

1.1.1 Background Information 

The extensive migration of people to urban centres coincides with many things among them is 

the increase of the solid waste. It is estimated that the World waste production would reach 27 

billion tonnes per year by 2050 (Modak et al., 2010). The waste generation with inadequate 

waste collection, transportation and disposal system can negatively affect public health, 

environments and economy.    

 

Effective solid waste management (SWM) is the major problem in many local municipalities. 

Hence, for a sustainable municipal solid waste management, classification into domestic wastes 

and non-hazardous industrial wastes or waste management hierarchy is one of the dependable 

intervention (Sridevi et al., 2012). 

 

1.1.2 Municipal Solid Waste Generation  

The definition of municipal solid waste (MSW) depends on individual country, but generally 

MSW is defined as a household waste, recycling and composting waste dumped by 

householders, street sweeping, park and garden waste (Tarr, 1996; Igoni et al., 2008). The 

hazardous wastes from industries that include waste from factories, mills and mining operations 

are not classified as municipal solid waste (Rattanaoudom, 2005). The hazardous wastes from 

industries are separate from the non-hazardous waste and their treatment are different as the 

depend on the  activity of the industry (Bagchi, 2004).  

 

1.1.3 Waste Management Hierarchy 

Waste management hierarchy (WMH) is the waste management option in which it leads to the 

maximum production benefit of goods to generate a minimum quantity of waste. The benefit 

of WMH are such as prevention of the greenhouse gas emission, minimize pollution, conserve 

raw materials, resources, create employment and developing green technologies. 
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2013). Materials that can be recycled from municipal solid provide a cheaper source of raw 

materials for industries (Henry et al., 2006).  

 

iii) Composting 

About 87% of MSW are biodegradable, which converted to valuable compost materials. 

Composting is a natural way of decomposing biodegradable waste into new soil materials, 

which used as organic manure. The municipal solid waste is suitable for composting since it 

has high moisture and organic contents (Ahsan et al., 2014). The manure is used by plants for 

food (Senzige et al., 2014).  

 

1.1.4 Methods of Waste Disposal 

 

i) Incineration  

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

combustible waste to carbon dioxide, water vapour, gaseous and relatively tiny non-

combustible particles processed in an environmentally acceptable standard. Benefits of 

incineration include the reduction of mass and volume of waste and energy recovery from waste 

(Seo et al., 2004). The utilization of municipal solid waste as source of energy is more 

favourable as this can replace other source of energy such as fossil fuels (Trvalo and Prostredia, 

2005).  

 

The major challenges of municipal solid waste incineration are nature of solid waste materials, 

the flue gases coming out during incineration, which are of concern on environmental pollution. 

The possibilities of waste reduction and recycling seem to be not economical. The resource 

recovery through heat and power generation seems to be more favourable (McKay, 2002). 

 

ii) Landfills 

Landfill is a simple, economical and most common method of waste disposal used globally for 

many years (Rawat and Ramanathan, 2011). The landfill involves the burial of waste to a pit, 

and they are generally located at a distance from towns to avoid their harmful effects. The 

wastes in landfills are compacted to minimize their volume, and closed to avoid trespassers. 

Some landfills have a system for the extraction of gases for energy recovery. Essentially, 

landfill should not pollute surface and groundwater, this is done by lining the landfill, 
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Incineration of solid waste in Tanzania is practiced only in hospitals (Ntakamulenga, 2012). 

The process of incineration can produce hazardous pollutant gases due to incomplete 

combustion. Pollutants  in combustion gasses that are considered hazardous include furans, 

dioxins, acid gases, polycyclic aromatic hydrocarbons among others (Mininni et al., 2007; 

Domingo and Nadal, 2009). These pollutants  decompose in a two stage staved incinerator at a 

temperature of 850�(  with residence time of about 2s, or at temperature of 1000�(  with 

residence time of one second (Mtui, 2013).  

 

In order to deal with these pollutants, the operating conditions and geometry of the incinerator 

must be optimum. The optimization of operating conditions and geometry of designed 

incinerator is therefore inevitable. 

 

1.3. Research Scope and Objectives 

 

1.3.1 Scope of the Research 

The scope of this research was limited to Arusha city municipal solid wastes. 

 

1.3.2 General Objective 

To develop an efficient incinerator with minimum pollution through optimization of 

incineration process.  

 

1.3.3 Specific Objectives 

i) Characterization of municipal solid waste 

ii) Studying the working conditions of incinerator.  

iii) Optimize the operating conditions of incinerators using computational fluid dynamic 

(CFD) techniques 

 

1.4. Research Hypotheses 

i) Municipal solid waste in Arusha has a desirable quality of energy recovery.  

ii) Locally manufactured incinerator can optimized to reduce pollutants and increase 

incineration capability. 
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1.5. Significance of the Research 

 

1.5.1 Waste Handling and Hygiene 

Incineration of municipal solid waste will reduce the volume of waste for final disposal. The 

incineration disinfected waste and generates non-hazardous products, switching from dumping 

to incineration minimize the risk of contamination and infection (Kuo et al., 2008).  

 
1.5.2 Energy Recovery 

The energy from waste  can provide a potential energy recovery, which can be taped to process 

heat or could be used to run turbines for energy generation (McKendry, 2002b). Optimal design 

of a high efficiency incinerator and an optimal operating condition will yield the maximum 

energy from the municipal solid waste. The optimization helps in improving the efficiency by 

using less fuel for energy production. 

 

1.5.3 Pollution Control 

The process will reduce environmental pollution, eliminate the polluting gases and contribute 

to reduce global warming by using alternative sources of renewable energy in place of fossil 

fuels (Calabrò, 2009; Udomsri et al., 2011). By improving, the efficiency of the incinerator, 

the process will also reduce the bottom ash production.  

 

1.5.4 Generate Knowledge Base and Social Well - Being  

Incineration of municipal solid waste will contribute to scientific knowledge and societal well-

being. The process will create job opportunities in sorting and collecting wastes, and expertise 

of power during the production of waste to energy. The expected impact to the society is to 

improve the life standard due to availability of sustainable energy and clean environment. 

 

1.6. Dissertation Format 

This dissertation consists of seven chapters. The first chapter discussed the background 

information, research hypothesis, objectives and justification. The second and the third chapter 

discussed the study on characterization of municipal solid waste. 

 

The fourth chapter discussed the study of the operating conditions of the incinerator. In this 

case, the study of locally made hospital incinerator at Bagamoyo Hospital carried out. The 
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hospital incinerator was used due to unavailability of municipal solid waste incinerator in 

Tanzania (Ntakamulenga, 2012).  

 

The fifth and sixth chapters the study of the optimization of the incinerator design discussed. 

In chapter, five the mass and energy balance undertaken, whereas in chapter six is the study of 

optimization of the incinerator operation conditions using Computational fluid dynamic 

techniques. Chapter 7 is the conclusion, recommendations and future works of this study. The 

framework of this dissertation shown schematically in Fig. 2. 

 

 
 

Figure 2: Schematic Framework of the Dissertation  
 

General Introduction 

Energy Recovery Routes from Municipal  

Solid Waste (Journal paper) 

 
Potential of Municipal Solid Waste as Source of 

Renewable Energy (Journal Paper) 

Operating Condition of a Fixed Bed 

Incinerator (Journal Paper) 

Mass and Energy Balance of a Fixed Bed 

Incinerator (Journal Paper) 

Optimization of Operating Conditions of Fixed 

Bed Incinerator (Journal Manuscript) 

Conclusion, Recommendations and 

Future Works 
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food waste and metals. The non-combustible wastes removed from the rest of the wastes. The 

combustible waste was availed for analysis in accordance to the method developed by 

(McCauley-Bell et al., 1997; Kalanatarifard and Yang, 2012). 

 

In order to get waste composition accurately an average weight of about 200kg of municipal 

solid waste taken. The waste then taken as good representative of 3the total municipal solid 

waste composition at each collecting points under this study. The samples were subjected to 

standards test methods of proximate and ultimate analysis in accordance to ASTM D3172 and 

ASTM D3176 respectively (ASTM, 1989, 2007). 

 

The thermal degradation analysis studied under nitrogen condition using a thermo gravimetric 

analyzer type NETZSCH STA 409 PC Luxx connected to power unit 230V, 16A. High purity 

nitrogen, 99.95% used as carrier gas controlled by gas flow meter fed into the thermo 

gravimetric analyzer with flow rate of 60ml/min and a pressure of 0.5 bars. In the STA 409 PC 

Luxx, proteus software utilized to acquire, store and analyze the data. 

 

i) Sample Preparation 

The samples were shredded into smaller pieces of approximately 30mm size, mixed and in a 

machine to less than 1mm size in order to increases surface area of the sample that will allow 

easier penetration of heat (Yusoff et al., 2012). Then a sample of 30±0.1 mg with average 

particle size less than 1mm was loaded to crucible, subjected into furnace, and heated from 303 

to 1273K at heating rates of 10K/min, 20K/min, 30K/min and 40K/min. The heating rate 

variation changes the peak temperature of the decomposition, as the heating rate increases, the 

peak temperature also increases (Ledakowicz and Stolarek, 2003). The calculated thermo-

gravimetric output from Proteus software obtained as thermal decomposition profile; thermo-

gravimetric (TG), differential thermo-gravimetric (DTG) and differential scanning calorimetry 

(DSC) curves.  

 

Heat release and absorbed by municipal solid waste degradation was determined by using 

differential scanning calorimetry curves (Sun et al., 2007). The DSC monitors heat effect 

associated with phase changes transitions and chemical reactions as a function of temperature 

                                                 
The Journal of Energy Technologies and Policy, Vol. 4, No. 5, 2014, pp. 1- 7 ISSN 2224-3232 (Paper) 

ISSN 2225-0573 (Online) 
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The fractional pyrolysis of the municipal solid waste component obtained by taking the ratio 

of the change in mass of the municipal solid waste component at time t and total reactive mass 

of a sample as shown in Equation 3 

2.3. Results and Discussion 

4 
2.3.1. Proximate Analysis and Ultimate Analysis 

The results of proximate and ultimate analysis shown in Table 1. The moisture content of the 

municipal solid waste as received ranges between 55.70 and 63.99 weight percentage, which 

is more than 50-weight percentage of the total weight of the sample. This high moisture content 

is prohibitive for combustion process as it lowers the combustion process due to high moisture 

contents which also reduces the calorific value of the fuel (Muthuraman et al., 2010), the 

moisture could be reduced by drying. The volatiles released on dry basis of municipal solid 

waste for Kaloleni, Sakina and Central market are 74.43, 84.00 and 78.31 weight percentage, 

respectively, whilst the volatile matter contained in pure biomass such as forest residue, oak 

wood, and pine are 79.9, 78.1 and 83.1 weight percentage respectively (Vassilev et al., 2010). 

Generally, fuels that contain high volatile, have low fixed carbon, the case for the municipal 

solid waste from Kaloleni, which has fixed carbon of about 17-weight percentage, which is 

higher than that of Sakina and Central market. The advantage of high volatile and low fixed 

carbon is rapid burning of a fuel, while a fuel with low volatile and high fixed carbon like coal 

need to be burnt on a grate as it takes long time to burn out, unless it is pulverized (McKendry, 

2002a). 

 

Therefore, the volatile matter and fixed carbon shows that the municipal solid waste is 

combustible. The ash range between 3.29 to 5.97 weight percentage, which is small; this is 

advantage to waste management and environment because the possibility of having small 

quantity of heavy metals, salts, chlorine and organic pollutant is small (Lam et al., 2010). The 

ultimate analysis of the municipal solid waste shows that the concentration of phosphorus and 

chlorine are negligible, the carbon and hydrogen content were above 50-weight percentage and 

5-weight percentage respectively. The oxygen content was more than 34-weight percentage. 

Sulfur is about 0.29 weight percentage this is lower compared to values from 1.1 weight 

percentage of bituminous coal analysis (Nakao et al., 2006). 

                                                 
The Journal of Energy Technologies and Policy, Vol. 4, No. 5, 2014, pp. 1- 7 ISSN 2224-3232 (Paper) 

ISSN 2225-0573 (Online) 
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15-weight percentage. The residue contains fixed carbon, ash, the high residue observed at 

municipal solid waste from Kaloleni, and the lowest residue observed at municipal solid waste 

from Central market and Sakina. The char can be used as a fuel, but municipal solid waste have 

high ash content that hinder the combustion of char due to the layer formed on the surface 

inhibited the diffusion of oxygen during the char combustion (Himawanto et al., 2013). 6 

 

 
Figure 3: TG of Municipal Solid Waste 

 

2.3.4. Derivative Thermo Gravimetric (DTG) Curves 

Fig.4 shows the DTG analysis, which has four visible regions; these are moisture release 

region, lignocellulosic degradation region, plastic degradation region and char pyrolysis region 

(Lai et al., 2011). The moisture release region is ranging between 303 and 423K. 

Lignocellulosic degradation region ranges between 423 and 643K, at these region volatile 

matters released; the region corresponds to pyrolysis of lignocellulosic biomass. The plastic 

degradation ranges between 643K and 913K, the char pyrolysis region ranges between 913 and 

1273K (Lai et al., 2011), also observed the same identified regions. 

                                                 
The Journal of Energy Technologies and Policy, Vol. 4, No. 5, 2014, pp. 1- 7 ISSN 2224-3232 (Paper) 

ISSN 2225-0573 (Online) 
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material such as oxygen and also to remove volatile material, these can be done by pre-treating 

the material through torrefaction process (Biswas, 2011). 

 

Table 2: Activation Energy and Pre-Exponential Factor of Municipal Solid Waste 

Location Ea (kJ/mole) A (s-1) 
Kaloleni 258.680 9.142 x 1023 
Sakina 205.934 8.977 x 1018 
Central Market 260.60 1.186 x 1028 

8 

2.3.6. Differential Scanning Calorimetry Curves 

The Differential Scanning Calorimetry curves shown in Fig.6, reveal endothermicity between 

303K and 423K, this is due to evaporation of moisture. In the temperature range of 423 to 

1273K, the process undergoes exothermic reaction due to the devolatilization of the municipal 

solid waste and plastic pyrolysis. The energy absorbed due to evaporation of moisture for 

wastes from Kaloleni, Sakina and Central market collecting points were 0.11 MJ/kg, 0.20 

MJ/kg and 0.15 MJ/kg respectively, whilst energy released from the same respective collection 

points were -7.6MJ/kg, -8.3 MJ/kg and -8.5 MJ/kg in respective manner. The energy released 

DSC by municipal solid waste was lower than higher heating value (12.54 MJ/kg).  This energy 

is lower than that found in bomb calorimeter because some energy in TGA used to remove 

moisture while in bomb calorimeter the energy observed is for pre-treated waste (pellets). 

                                                 
The Journal of Energy Technologies and Policy, Vol. 4, No. 5, 2014, pp. 1- 7 ISSN 2224-3232 (Paper) 

ISSN 2225-0573 (Online) 
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Figure 6: DSC Curves of Arusha Municipal Solid Waste Sites9 

 

2.4. Conclusion and Recommendations 

This paper presents findings related to municipal solid waste characterization of Arusha city. 

The case represented the municipal solid waste found in Tanzania. The proximate analysis of 

municipal solid waste show that, the waste contains more than 50% and 5% of carbon and 

hydrogen respectively which may contribute to high calorific value of Arusha municipal solid 

waste. The ultimate analysis shows that average amount of nitrogen, sulfur, chlorine and 

phosphorus is small, these reduce emissions during combustion.  

 

The energy content of waste determined by bomb calorimeter is about 12 MJ/kg this energy is 

about 30% of energy containing in coal and about 60% of energy containing in biomass. The 

activation energy was ranging between 205.9 and 260.6 kJ/mol. The municipal solid waste 

shows exothemicity property at the devolatilization zone. The devolatization zone shows that 

the municipal solid waste easily ignited at temperature above 423 K. Therefore, municipal solid 

waste has a good potential used as a fuel.  

 

                                                 
The Journal of Energy Technologies and Policy, Vol. 4, No. 5, 2014, pp. 1- 7 ISSN 2224-3232 (Paper) 

ISSN 2225-0573 (Online) 
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CHAPTER THREE 

 

POTENTIAL OF MUNICIPAL SOLID WASTE AS RENEWABLE ENERGY 

SOURCE: A CASE STUDY OF ARUSHA, TANZANIA 

 

Abstract 

This paper presents the study of municipal solid waste (MSW) as a potential source of 

renewable energy in Arusha city. The city of Arusha annual average MSW generated estimated 

to be 43 772 tonnes.  Characterization revealed the main components of MSW to compose of 

biomass materials such as food, paper and wood waste. Based on the characteristics of the 

MSW, evaluation conducted to determine the energy potential to recover. Results from 

proximate analysis of MSW samples showed the average calorific value of about 12 MJ/kg, 

which indicate annual energy potential of 128.9 GWh. Results indicate there is a substantial 

energy potential to recover from MSW the largest share being renewable energy. The 

composition of waste from developing and developed countries further compared with that of 

Arusha city. Results indicated that in developing countries characteristics of MSW are mainly 

composed of food waste as was the case of Arusha city. 
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3.1. Introduction 
 

3.2. Background Information 

The utilization of fossil fuels practiced for many years as a source of energy, this utilization 

produce greenhouse gases such as CO2, SO2, NOx and other pollutants, which increase global 

warming and acid rain. The fossil fuel resources are depleting while the consumption is 

increasing. This environmental effects and fossil depletion necessitates the effort in invention 

of alternative source of clean and renewable energy (Eddine and Salah, 2012). 

 

Fossil fuel is coming from buried underground biomass deposits contains carbon, which locked 

for about 200 million years ago from the atmosphere. When combustion of fossil fuels occur 
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renewable and reduce the global warming because it completes the carbon cycle as it does in 

biomass (Sharholy et al., 2008; Cheng and Hu, 2010). 

 

The main objective of this paper is to study the potential of municipal solid waste as source of 

renewable energy. The analysis of generation capacity and composition of municipal solid 

waste will be focus to establish the amount of energy that recovered from Municipal solid 

waste. 

 

3.2.1. Method of Waste Disposal for Energy Recovery 

The energy from waste directly derived through conversion into biogas, syngas or heat. The 

technological methods in converting energy from waste can be physical, thermal or biological. 

These technologies outlined in Fig.7. 

 

 

Figure 7: Technology Tree and Methods of Waste Disposal for Energy Recovery 
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i) The Physical Process 

The physical process of waste treatment is when waste processed mechanically to produce 

suitable forms of objects for use as fuel. Examples are pellets, wood briquettes and wood chips.  

 

ii) The Thermal Methods14 

The thermal method of waste treatment is by using heat of combustion to treat waste in the 

following processes: 

 

a) Direct Combustion Incineration or Mass Burn  

The heat from the combustion used to change water into steam and utilize the steam to run 

steam turbine for power generation. 

 

b) Pyrolysis 

Pyrolysis used to break down the material in the absence of oxygen to produce combustible 

gases, liquid and solid residues. The products from pyrolysis are such as methane, 

hydrocarbons, hydrogen and carbon monoxide.  

 

c) Gasification and Plasma Arc Gasification 

Gasification takes place in the limited amount of oxygen. Plasma arc gasification is the using 

a plasma arc torch to produce high temperature arc that breaks down waste and forming syngas 

and slag. The gas produced can be used to heat up boiler for heat generation or they can be 

used in combustion through internal combustion engines (Klein, 2002; Zhang et al., 2012). 

 

iii) Biological Method 

Biological method is the technology of using microbes to produce fuel from waste.  

 

a) The Biogas 

This is the process of using anaerobic digestion to produce combustible gases. The waste placed 

in the airtight digester container. The combustible gases such as biogas, carbon monoxide and 

methane can then either be burned directly in boilers to generate electricity or used as 

combustible gases (Sharholy et al., 2008).  
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b) Fermentation 

By using yeast the biomass fraction of municipal solid waste can be fermented to generate 

ethanol which can be used to run internal combustion engines (Viitez et al., 2000). 

 

3.3. Material and Methods 
 

3.3.1. Materials 

The municipal solid wastes from Arusha city used as raw materials .The equipment and tools 

used are according to regulated standards. 

 

3.3.2. Methods  

The methods of waste flow analysis and waste composition analysis done by using standard 

operating procedure. 

 

i) Analysis of Waste Flow of Arusha 

The quantity of waste generated monthly at Arusha recorded daily by the office of a City Health 

officer. The recorded data were analysed for studying purpose. The data for consecutive 3 years 

collected and analysed. 

  

ii) Waste Composition Analysis of Arusha 

The case study done by sorting waste as they received from waste collecting centres of 

Kaloleni, Sakina and Central market within the Arusha city. The waste then sorted to categories 

and weighted. The work continued for five consecutive days. The15percentage composition of 

the complete waste data for the whole period was calculated. The result taken as the sample for 

Arusha city. 

 

iii) Waste Composition from Various Countries Worldwide 

The waste compositions from various countries recorded randomly and grouped in three 

categories. The categorization falls to lower, middle and higher income countries. 
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iv) Proximate and Ultimate Analysis of Arusha Waste 

The laboratory analyses for proximate and ultimate values of Arusha waste were taken from 

published work (Omari et al., 2014b). 

 

v) The Energy Content Analysis 

The energy contents analysis of the waste studied using auto bomb calorimetry type 
































































































































































































































