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Abstract
This study aims to develop a statistical model for estimating electricity generation from municipal solid waste (MSW) through incineration. Electricity generated from municipal solid waste is renewable since this source is inexhaustible. Using solid wastes to generate electricity is a better way of managing waste as frees landfill sites of garbage. Combustion or incineration, gasification and pyrolysis are three principal waste-to-energy methods that may be employed to convert garbage into electricity, however, this paper is limited to the analysis of the incineration process. This process is achieved at a very high temperature with the end result being very useful to construction industries. This study was done by selecting the ten most municipal solid waste (MSW) generating countries from each of the four continents (America, Europe, Asia, and Africa) in the world. This waste was aggregated into recyclable, landfilled and power-produced clusters. Mathematical models were deployed to estimate electricity generated from the landfilled piles of each continent. The researchers also approximated the quantity of carbon dioxide that would have been emitted into the environment if fossil fuels (coal, crude oil and natural gas) were used to produce the total electricity from the four continents.  
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1. INTRODUCTION
Waste-to-Energy (WtE) also known as Energy-from-Waste (EfW) is the process of converting municipal solid waste (garbage) and industrial solid waste (wood processing and agriculture processing wastes) into electricity, fuels or heat (Young, 2010).  Generating electricity from waste-to-energy is a sustainable way of managing waste. There are other benefits that one can derive from burning the waste in an incinerator to produce electricity. The ashes that are left over after the combustion of the waste is known as bottom ash; this bottom ash contains recyclable metals and clinker (Aneeta et al, 2018). The metals can be used to produce metal products such as iron rods and binding wires; the clinker can be used in road construction. 

[bookmark: _Hlk45364048]It is believed that two-thirds of all domestic waste can be classified as biomass, which means that this volume of waste can be sent to waste-to-energy plants for processing. Combustion of Municipal Solid Waste (MSW) reduces the amount of garbage by about 87 per cent (US-EIA, 2019). MSW is a: material discarded as worthless to the city and this has been a serious threat to the eco-system. This can be channelled into a very useful form to generate energy and thereby convert it into wealth (Rominiyi et al., 2017; Shah et al.,  2021).  It should be noted that only a small percentage of MSW ends up in the waste-to-energy processing plant. The rest are either sent to the landfill sites, burnt into the open air or end up in drains or gutters. Only a few such plants are available in Africa (Torben, 2018). Due to increasing energy demands, the need for fossil fuels is also increasing which causes emissions of greenhouse gases and fossil fuels are non-renewable sources of energy. These problems of waste accumulation and increasing demand for energy can be solved by extracting energy from MSW. The process of obtaining electricity and heat from waste, especially non-recyclable waste is called the waste-to-energy process(Kaur et al., 2023; Khan et al., 2022).  Waste-to-energy can help eliminate or reduce reliance on fossil fuels for electricity generation; it can ultimately lessen CO2 (carbon dioxide) emission into the atmosphere.

The United Nations Environmental Programme stated that municipal solid waste generated by the world in 2023 was 2.1 billion tons (5.5 million tons per day); it is predicted that this will increase to 3.8 billion tons per annum by the year 2050 (UNEP, 2024). The same Agency specified that, in 2020 the cost of waste management in the world was 252 billion USD. When pollution, poor health and climate change from poor waste disposal are factored into the cost, the expenditure would rise to 362 billion USD. Without urgent remedial action, the global waste management expenditure will reach 640.3 billion USD by 2050. Breaking down this waste generation into continental bases, the American continent produced approximately 600 million metric tons of municipal solid waste in 2023. In the same year, the European continent generated about 400 million metric tonnes; the Asian continent produced approximately 920 million metric tonnes. The African and Oceanic continents generated about 250 and 33 million metric tonnes respectively. Waste produced by the urban population will increase threefolds what is generated today by 2100; by the same year, it is estimated that the global solid waste generation will exceed 11 million metric tonnes per day (Hoornweg et al, 2013). The volume of this waste so generated will pose a serious challenge to cities all over the world. 

1.1 Management of Waste
Humans as we are will generate waste and continue to generate waste; waste from the kitchens, waste from the industries, waste from the offices and waste from the farms. As much as possible, one has to learn how to prevent waste generation; this is the surest way to save scarce resources and protect the environment from unnecessary garbage. It is incomprehensible not to generate waste at all, therefore it is imperative to minimize the generation of waste. If waste is generated, efforts should be made as much as possible to reuse some of the materials constituting the waste. If it becomes impossible to reuse these waste materials then recycling should be considered. It is unfashionable in some parts of the world (Sweden and Denmark) to send recyclable waste to landfill sites. In Sweden over 99 per cent of their Municipal Solid Waste is recycled, and 50.3 per cent of all domestic waste is sent to the waste-to-energy processing plants for recovery of energy (Amy, 2018). In the case of Denmark, in its capital city, Copenhagen, only 3 per cent of garbage is sent to the landfill sites, and 54 per cent to Waste-to-energy processing plants. 

Energy recovery should be considered first before final disposal, this is consistent with modern integrated waste management practice as illustrated in the waste management hierarchy model in Figure 1. In our view, waste is better managed if the biodegradable part of the waste is reduced to zero; the unrecyclable to produce electricity, by so doing, the amount that goes to the landfill sites becomes insignificant. 
[image: ]
                                                  Fig 1: Waste Management Hierarchy Model
In this era of shortage of landfills for solid waste disposal in some parts of the world, using waste-to-energy plants to reduce the volume of garbage cannot be over-emphasized.  Figure 2 illustrates how waste-to-energy plants can be used to recover useful energy from garbage and the volume of the remaining waste that goes to the final disposal site in the form of ash. In this particular example, 1000 cubic metres (m3) of waste was combusted, 17,000 kWh of electricity was generated and only 10 cubic metres (m3) of residue, a 90 per cent reduction was left for the landfill. This demonstrates the enormous benefits that the world, especially Africa can derive from integration management of waste.
 [image: ]
                                                    Fig.2: Landfills Management

1.2 Types of Waste-to-Energy Plants for Municipal Solid Waste (MSW)
There are so many waste-to-energy technologies or plants that can be used to process Municipal Solid Waste (MSW); the most common include:
· Incineration 
· Gasification
· Pyrolysis

[bookmark: _Toc53607048][bookmark: _Toc57646014][bookmark: _Toc85438258]1.2.1 Incineration method of Waste-to-Energy (WtE) Plant
An incineration plant is a waste management facility where waste is combusted in a controlled manner to generate electricity and reduce the volume of waste (Nabavi et al, 2017). The incineration method also known as the combustion method of the WtE plant is broadly divided into two categories; these: the mass burning of “as received” and inhomogeneous waste and the burning of pretreated and homogenized waste (World Bank, 1999) There is little (post-recycling) or no pre-treatment (raw) of waste required in mass burning of “as received” and inhomogeneous waste.  A typical example of a mass burning system is the Movable Grate Incineration system. This system is widely used; it is a tried and tested technology and has good technical performance. It is used for large-scale waste at various calorific values and compositions. A fluidized bed incineration system is an example of burning pretreated and homogenized waste. In this system, the waste that goes into the incinerator is first reduced in size by shredding and manual sorting. The usage of this technology is limited as compared to the moving grate system. The movable Grate waste-to-energy plant is generally divided into four sections as shown in Figure 3; the waste delivery section, the incineration section, the energy recovery (electricity) section and the flue gas cleaning section.
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The main components of the waste delivery section are the discharge hall, the waste bunker and the crane; those of the incineration section are the steam boiler, incineration grate and the bottom ash bunker. The major components of the energy recovery section are the steam turbine and the generator whereas those of the flue gas cleaning section are the flue gas reactor, emission monitoring system, residue silo (flying ash) and the hydrated lime. The major parts of the plant are illustrated in Figure 4.
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The garbage that is burnt in movable grate incinerators are: Municipal Solid Waste (MSW), Commercial and Industrial Waste (C&IW) and Refuse Derived Fuel (RDF) or Solid Recovered Fuel (SRF) (Dieter, 2017). In the grate incinerator, the waste is conveyed to the combustion chamber by a hydraulic ram or a travelling grate through a feeding chute. The garbage otherwise known as the fuel is arranged in the form of a bed on top of a grate and combustion air is circulated through the grate. The primary combustion air is injected from below the grate while the secondary is above the grate. Figure 5 shows grate elements with holes, from where the primary combustion air is supplied. The flow of the primary air among other things cools the grate itself; the secondary air helps in burning completely the flue gases. The admissible temperature in the combustion chamber to burn the waste is 850 to 1,200 degrees Celsius (Seeker, 1991). The function of the grate is to control the transportation of the waste in the combustion chamber. The design of the grate is such that the waste in the combustion chamber is completely burnt before the ash is discharged from the furnace. There are four major kinds of grate; these are the forward reciprocating grate, the reverse reciprocating grate, the roller grate and the horizontal grate.
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/5/5d/Movinggrate.jpg/400px-Movinggrate.jpg]
[bookmark: _Toc36521843][bookmark: _Toc53606428][bookmark: _Toc57645934][bookmark: _Toc83538579][bookmark: _Toc85438261]                      Fig. 5: Moving Grate Incinerator with Holes in Grate Elements
                      
For a fluidized bed incineration system, pretreatment (sorting, chipping and shredding) of the garbage is a necessity. Pretreatment of waste is essential in this type of incineration because the waste fuel needs to be in a uniform size and calorific value (Van et al, 2012). The fluidized bed has four processes as illustrated in figure 6. The types of garbage that can be incinerated by the fluidized bed method are Municipal Solid Waste (MSW), Commercial and Industrial Waste (C&IW) and Refuse 
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Derived Fuel (RDF) or Solid Recovered Fuel (SRF). RDF is a leftover refuse after non-combustible materials such as metal and glass have been removed from the garbage. The fluidized bed incineration system is made up of many components but the major ones are:  the solid fuel feeding system, bed material dosing system, superheaters, bottom ash system and flue gas air preheater. These main components are depicted in Figure 7.
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The technology employed in fluidized bed incinerators is based on replacing the conventional grate with a bed of solid particles with a mixture of fuel (RDF) which is fluidized by a flow of air from below (Jorgen et al, 2013). The bed is made with sand, however, other inert materials such as ashes and lime can be used. Its combustion chamber is in the shape of a rectangle or a cylinder where the relatively small particle size of waste is burnt in a fluidized sand bed. The combustion of the fuel (waste) in the chamber takes place within and above the bed. There are two sets of temperatures that are employed in this incinerator, the temperature that is above the bed ranges between 850 to 950 degrees Celsius and the temperature in the bed itself is about 650 degrees Celsius. The fluidized bed (FB) incinerator has three types of beds or reactors; these are the bubbling FB reactor, the circulating FB reactor and the revolving (internally recirculating) FB reactor.

Even though generating electricity from waste using the combustion method is the same, there are a few differences depending on the technologies that are adopted (Cuéllar et al, 2015). The moving grate incineration which is an example of the mass burning method does not require pre-treatment of the waste before burning. The burning pre-treated waste method would sort out manually or automatically non-combustible and recyclable materials from the garbage as much as possible before incineration. The fluidized bed incineration is an example of this method. The waste to be processed to generate electricity is discharged into an enclosed waste bunker. An overhead crane mixes the garbage and sends the appropriate waste into the incinerator.  To avoid bad scents and dust from the discharge hall and waste bunker from engulfing the building, air from these two places is employed in the combustion of the garbage (Lee, 2020). The movement of the waste in the combustion chamber (furnace) is done on a movable metal grate or on a strong revolving fluidized bed of sand. This process is always monitored, guided and controlled from a centralized location as shown in Figure 8. The high temperature in the furnace ensures total combustion of the waste. The heat emanating from the combustion chamber is used to heat water in a boiler which is capable of recovering more than 80 percent of the energy embedded in the waste (Hill, 2011). The boiler produces steam; the steam is used to turn a steam turbine which drives a generator to produce electricity. The electricity so generated is integrated into the utility grid.

The electricity generated from the waste is considered renewable energy because the fuel used in the process is sustainable, inexhaustible and replenishable. The average electricity-generating efficiency of these incineration plants in the European Union is approximately 58 per cent, whereas those in the United States are as low as about 44 per cent (NGS, 2012). Even though the electricity generation efficiency of these plants is low, this is compensated for by using the leftover energy from the incineration for the district heating facility. Thus, after the steam has been used to produce electricity, the heat from the used steam is hot enough to provide heating water for residents in and around the plants.
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/0/03/Leitstand_2.jpg/400px-Leitstand_2.jpg]
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After incineration of the garbage, two solid residues are obtained; these residues are the Incinerator Bottom Ash Aggregate (IBAA) and Air Pollution Control (APC) residues which include fly ash. The bottom ash or slag is aggregate material obtained from the bottom of the grate or fluidized bed after the combustion of the waste.  These materials include: ash, ferrous metals and non-ferrous metals; the ferrous metals are removed from the aggregate with the help of a magnet while the non-ferrous metals are removed by an eddy current separator. These recovered metals are sold to companies for recycling. The ash has its application in the real estate or construction industries. Technology and modernity have increased in the waste incineration industries to the extent that the bottom ash can be melted at a high temperature to produce vitrified or glassy amorphous slag material and metal fraction (Kevin et al, 2013). The slag material has its application in the construction industry where it can be used to fabricate concrete and interlocking blocks as illustrated in Figure 9. 
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This slag material can also be used in the road construction industry as is evident in Figure 10 where it is used as an asphaltic overlay for road construction. The metal fraction is another source of income generation for the plant.
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In the course of incineration, fine particulate known as fly ash gets lodged in the baghouse which serves as a vacuum cleaner for the plant. Fly ash is material collected by air pollution controllers; this material is hazardous since it is due to the chemicals removed from the flue gases. The fly ash is treated and neutralized for its toxicity before sending it to its final disposal site (Phua et al, 2019). The incineration plant not only generates electricity and produces district heating water but also reduces the volume of garbage which would be landfilled by 90 per cent (Dijkgraaf et al, 2004). The weight of the ash residues obtained after combustion is about 20 to 30 per cent of the weight of waste sent to the incineration plant.  Waste burning or incineration is always accompanied by gaseous exhaust pollutants such as (US-NRC, 2000):
· HCL (Hydrogen Chloride), obtained from the burning of PVC (Polyvinyl Chloride).
· SO2 (Sulfur Dioxide), got from the burning of Sulfurous compounds.
· HF (Hydrogen Fluoride), obtained from the combustion of fluorine compounds.
· NOx (Nitrogen Oxide), got from the nitrogen in the waste and N2 in the air.
These pollutants which are found in the hot flue gases, are produced in the combustion chamber. These pollutants go through the Air Pollution Control (APC) system as shown in Figure 11 to be cleaned and purified of these poisonous gases.  These gases are now cleaned enough to be released into the atmosphere through the chimney of the plant after they have been monitored by the Emission Monitoring System. The Dioxins and Heavy metals such as antimony (Sb), arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), mercury (Hg), nickel (Ni), thallium (Tl) and vanadium (V) which are found in the fly ash are also treated and made cleaned as much as possible before sending them to the landfill (Cong et al, 2000).
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[bookmark: _Toc53607053][bookmark: _Toc57646015][bookmark: _Toc85438268]1.2.2 Gasification and Pyrolysis Methods of Waste-to-Energy (WtE) Plants
Both gasification and pyrolysis are the advanced thermal treatment of waste; they are waste treatment systems whereby the garbage is thermally treated in the absence of oxygen (Gopu et al, 2018). The wastes that are processed by gasification technology include Municipal Solid Waste (MSW), Commercial & Industrial Waste (C&IW), Refuse Derived Fuel (RDF) or Solid Recovered Fuel (SRF) and Non-Waste Fuels such as wood, rice husks, peanut husks and other form of biomass. Gasification plants are generally smaller than mass-burning plants and therefore have a waste treatment capacity of 25 to 150 thousand tons per year. Gasification is achieved at a temperature ranging between 760 and 1,650 degrees Celsius under high pressure (Liu et al, 2015). The major components of the plant include: waste bunker, waste airlock, combustion bed, gas outlet, scrubber cooler and slag. Figure 12 shows a typical gasification plant. Even though the reactors employed in the processing of garbage in waste incineration and waste gasification are relatively similar, the gasification process is more difficult to achieve than the incineration process. However, the technology used for waste gasification reduces the solid waste into simpler molecules and its destruction of substances such as dioxins and furans is quite different from that of waste incineration (Avfally, 2008). The reduction of waste that is achieved from waste gasification is as high as 95 per cent.
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Fig. 12: Gasification Reactor

The temperatures at which thermal degradation begins in the pyrolysis process are between 350 and 550 degrees Celsius. Its decomposition temperatures can even go up to 700 to 800 degrees Celsius (Chowdhury et al, 2017). In the pyrolysis processes the pretreatment of the municipal solid waste is paramount since waste materials such as glass, metals and inert materials should be removed from the garbage before the rest is sent to the pyrolysis reactor. The main components that are employed in a pyrolysis reactor include: refuse bunker, overhead crane, pyrolysis kiln (reactor), combustion chamber, superheater, turbine, generator and emission monitoring system. These parts are illustrated in Figure 13.
                [image: ]
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Gasification is environmentally friendlier than incineration since harmful pollutants such as dioxins and furans are largely neutralized during the process (Barkha et al, 2019).  The waste in gasification is converted to a gas known as synthesis gas or syngas. This gas can be used to turn a gas turbine directly to drive a generator to produce electricity or can combust a boiler, the steam from the boiler is used to rotate a steam turbine which in turn would drive a generator to produce electricity (Jenkins et al, 2007). This process is shown in Figure 14.  Just as in the gasification process, the waste in the pyrolysis process is also converted to syngas which can be used in gas turbines or steam turbines to generate electricity. The char which is a by-product of the conversion can be used as boiler fuel to produce steam.
 
[image: illustration &copy; climatetechwiki.org]
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2. METHODOLOGY 

Municipal Solid Waste (MSW) can be a source of wealth and employment generation when managed well especially in developing countries. It is the view of this paper that waste should be redefined to derive the valuable resource therein. This section of the paper brought to the fore municipal solid waste generated, recycled and used for the production of electricity by selected countries in the world in 2023. The researchers used the four major continents (America, Europe, Asia and Africa) in this endeavour. Data for the studies was extrapolated, derived and analysed from various international agencies with emphasis or specialized in waste research and management (UNEP, 2024; Statista 2025; Statista, 2023; Statista, 2024; Zhang, 2024). This data is presented in Tables 1, 2, 3, and 4. The tables show the ten highest waste-generating countries in each of the continents. 

Table 1: Ten Highest Municipal Solid Waste Generating Countries in American Continent
	America

	Countries
	MSW Generation in Million Metric Tons 
	Per Capita Waste in kg (Waste per Individual Daily)
	Recycling Rates (%)
	Population in Million
	Capacity (MW)

	United States
	350
	2.3
	32
	334
	2,720

	Brazil
	80
	1.2
	15
	203
	 

	Mexico
	55
	1.071
	10
	128
	 

	Canada
	36
	2.7
	28
	40
	2,117

	Argentina
	16
	1.2
	15
	46.2
	 

	Colombia
	12
	1.2
	20
	52.32
	 

	Chile
	8
	1.3
	12
	19.7
	 

	Peru
	7.5
	1
	12
	33.8
	 

	Cuba
	5
	1.1
	5
	11.1
	 

	Venezuela
	4.8
	1
	7
	28.3
	 



Table 2: Ten Highest Municipal Solid Waste Generating Countries in European Continent

	Europe

	Countries
	MSW Generation in Million Metric Tons 
	Per Capita Waste in kg (Waste per Individual Daily)
	Recycling Rates (%)
	Population in Million
	Capacity (MW)

	Russia
	64
	1.68
	45.75
	145.4
	 

	Germany
	53
	1.5
	70
	84.55
	698.6

	France
	38
	1.3
	47
	66.4
	245.4

	United Kingdom
	33
	3.85
	43.5
	68.68
	508

	Italy
	29
	1.38
	65
	59.5
	266

	Spain
	23
	1.38
	40
	48
	 

	Poland
	14
	0.97
	40
	38.76
	 

	Netherlands
	9
	1.3
	57
	18.1
	269.4

	Ukraine
	9
	0.77
	15
	37.7
	 

	Belgium
	6.2
	1.14
	54
	11.7
	109.1






Table 3: Ten Highest Municipal Solid Waste Generating Countries in Asian Continent

	Asia

	Countries
	MSW Generation in Million Metric Tons 
	Per Capita Waste in kg (Waste per Individual Daily)
	Recycling Rates (%)
	Population in Million
	Capacity (MW)

	China
	250
	1.2
	20
	1422.58
	13,000 

	India
	180
	0.5
	30
	1430.0
	300 

	Indonesia
	75
	0.8
	9
	281.2
	

	Japan
	45
	0.88
	19.6
	124.62
	 

	Turkey
	36
	1.4
	30
	87.27
	 

	Pakistan
	30
	0.43
	10
	241.49
	 

	Thailand
	27
	1.13
	30
	71.7
	

	Vietnam
	23
	1.25
	30
	100.35
	 

	Iran
	23
	1.2
	15
	90.61
	 

	South Korea
	19
	1.18
	60
	51.75
	 



Table 4: Ten Highest Municipal Solid Waste Generating Countries in African Continent

	Africa

	Countries
	MSW Generation in Million Metric Tons 
	Per Capita Waste in kg (Waste per Individual Daily)
	Recycling Rates (%)
	Population in Million
	Capacity (MW)

	Nigeria
	42
	0.6
	10
	227.88
	 

	Egypt
	25
	0.9
	30
	114.54
	 

	South Africa
	21
	1.2
	10
	63
	 

	Algeria
	13
	0.9
	12
	46
	 

	DRC
	12
	0.64
	4.9
	106
	 

	Morocco
	7.5
	0.75
	10
	38
	 

	Ethiopia
	7
	0.5
	 
	126.5
	25 

	Angola
	6.5
	0.6
	6
	37
	 

	Kenya
	6
	0.7
	15
	55
	10 

	Ghana
	5
	0.6
	10
	34
	 



By the year 2023 all the continents have increased their share of municipal solid waste generation through factors such as consumer behaviour, urbanization, population growth and industrial activities. Total data with respect to the generation of municipal solid waste, growth in population and electricity generating capacities by each continent is shown in Table 5.
Table 5: Municipal Solid Waste Generation, Population Growth and Electricity Generating Capacities
	Continents
	Total
MSW Generation in Million Metric Tons
	Total 
Population in Million
	Total 
Capacity (MW)

	America
	574.3
	901.42
	4,837

	Europe
	278.2
	641.79
	2,096.5

	Asia
	708
	3901.57
	13,300

	Africa
	145
	847.92
	35


3.  RESULTS AND DISCUSSION

The study analysed the quantity of electricity generated from the municipal solid waste sent to the landfill sites by each continent in 2023.  

3.1 Electricity Generated from MSW deposited at landfill sites by Ten Countries in the American continent
According to our research, only the United States and Canada generated significant amounts of electricity from municipal solid waste (MSW). The United States and Canada generated 2,720 MW and 2,117 MW respectively each year by 2023. Using the formula below, the amount of MSW used to generate this power can be obtained: 
   	…………………….(1)
Where:
· Electricity Produced = 2,720 MW
· Converting 2,720 MW to MWh = 2,720 x 24h x 365 = 23,827,200 MWh
· Calorific Value * Conversion Efficiency = the assumption is that for every one metric tonne of MSW processed, approximately 0.55 MWh (thus 0.55 MWh/tonne) of electricity was generated from the waste-to-energy plants. 
·   
Therefore the amount of municipal solid waste used to produce power in the USA and Canada was 43.4 metric million tonnes and 33.7 million metric tonnes respectively.

Even though other types of waste were used to generate electricity, this research was limited to MSW. For instance, Brazil used bagasse to generate electricity; by the end of 2023, it had about 12,400 MW of installed capacity (Coelho et al, 2024).  
All the countries selected for this project have some percentage of waste recycled and the rest goes to landfill sites or other sources (open burning, drains …) for disposal. Figure 15 shows the amount of MSW that was recycled, landfilled and used to produce electricity.

Fig 15: MSW Recycled, Landfilled and Used to generate Electricity in Million Metric Tonnes in America
The amount of municipal solid waste that the ten countries sent to the landfill sites was 373.8 million metric tonnes; (thus 208.5 + 68 + 49.5 + 1.7 + 13.6 + 9.6 + 7 + 6.6 + 4.8 + 4.5) MMT. 
3.2 Electricity Generated from MSW deposited at landfill sites by Ten Countries in the European Continent
Six out of the ten countries in the European continent generated some amount of electricity from municipal solid waste in 2023. This accession is evident in Figure 16; while Germany generated the most Russia, Spain, Poland and Ukraine produced none. Germany and Russia recycled more than the rest, however, Germany’s management of municipal solid waste was excellent. It generated 53 million metric tonnes of MSW in 2023, recycled 29.3 million metric tonnes and utilized 11 million metric tonnes to generate electricity. This good management constituted more than 76% of all MSW produced in the year under review.

Fig 16: MSW Recycled, Landfilled and Used to generate Electricity in Million Metric Tonnes in Europe

Just as in the American continent, 122.2 million metric tonnes (34.7 + 12.6 + 18.1 + 14.1 + 8.7 + 13.8 + 8.4 + 2 +7.7 + 2.1) MMT of municipal solid waste from the European continent ended up in the landfill sites. 

3.3 Electricity Generated from MSW deposited at landfill sites by Ten Countries in the Asian Continent
In this continent, only China and Indian generated electricity from municipal solid waste. China generated the most, this constituted 82.8% of all MSW generated in 2023, this excluded recycled waste. India and South Korea recycled the most waste while the rest of the countries the least as shown in figure 17.

Fig 17: MSW Recycled, Landfilled and Used to generate Electricity in Million Metric Tonne in Asia

These ten countries landfilled a total of 371.3 million metric tonnes (34.4 + 118 + 68.3 + 36.2 + 25.2 + 27 + 18.9 + 16.1+ 19.6 + 7.6) MMT of municipal solid waste. 

3.4 Electricity Generated from MSW deposited at landfill sites by Ten Countries in African Continent
There are two countries in Africa, Ethiopia and Kenya that generated some quantity of electricity from municipal solid waste. These countries together produced 35 MW of electricity from 800 million metric tonnes of MSW. This amount constituted 0.63% of the total municipal solid waste generated by the ten nations excluding recycled waste. Ethiopia in the year under review recycled none, the rest recycled insignificant amount. This claim is depicted in figure 18.

Fig 18: MSW Recycled, Landfilled and Used to generate Electricity in Million Metric Tonnes in Africa

The total volume of municipal solid waste landfilled by these ten counties was 125.8 million metric tonnes (37.8 + 17.5 + 18.9 + 11.4 + 11.4 + 6.8 + 6.5 + 6.1 + 4.9 + 4.5) MMT. 
The landfilled waste by each continent could produce a significant amount of electricity, therefore equation 2 was used to estimate this.
 ……………………………………………………………………………………………(2)
Where:
· Electricity = Power generated in a year in MW
· = Efficiency for MSW plants; it is assumed to be:
· 25%  for Asia and Americas
· 30%  for Europe
· 12%  for Africa
· M = Total Mass of MSW in Tonne/year (assumed to be dried)
· LCV = Lower Calorific Value is assumed to be:
· 10 MJ/kg for Asia
· 11 MJ/kg for Americas and Europe
· 09 MJ/kg for Africa
· 8670 h = since the power is generated per year, (thus 1 year = 365 days * 24 hours=8760 hours)

· Conversion
· 1 Tonne = 1000 kg
· 373.8 * 106 Tonnes = 373.8 * 106 * 1000 = 373.8 * 109 kg
· 1 * 106 J/kg = 0. 2778 kWh/kg
·   10*106 J/kg =2.778 kWh/kg for Asia
·   11*106 J/kg =3.056 kWh/kg for Americas and Europe
·   09*106 J/kg =2.50 kWh/kg for Africa

· For the American continent

                       
Therefore Electricity generated from the 373.8 million metric tonnes was 32,600.8 MW
· For the European Continent

                       
Therefore Electricity generated from the 122.2 million metric tonnes was 12,789.2 MW
· For the Asian Continent

                      
Therefore Electricity generated from the 371.3 million metric tonnes was 29,436.97 MW
· For the African Continent

     
Therefore Electricity generated from the 125.8 million metric tonnes was 4,308.22 MW.
The total quantity of electricity that could have been generated by the four continents would be 79,135.19 MW. This implied that the Waste to Energy process would have saved landfill sites of 993.1 million metric tonnes of municipal solid waste. Figure 19 demonstrates the corresponding power generated by each continent. While the American continent produced the most (41%), Africa generated the least (4%), and Europe generated about 16% of the total. It generated this magnitude because it incinerated more municipal solid waste than the rest. Asia generated approximately 37%. Even though population growth plays a significant role in waste generation, income earning and development cannot be ignored.  Inhabitants in high-income earning and well-developed countries generate more waste. This is evident in the following examples; the Per Capita Waste in kilogramme of the United Kingdom, Canada and the United States are respectively 3.85, 2.7 and   2.3 while that of Nigeria, India and Ethiopia are 0.6, 0.5 and 0.5.                
[image: C:\Users\EBEN\AppData\Local\Microsoft\Windows\INetCache\Content.Word\image.png]
Fig 19: Power Generated by Each Continent from MSW

Assuming that, the total electricity (79,135.19 MW) generated by the forty countries in the four continents emanated from fossil fuel sources such as coal or crude oil; there would have been emission of carbon dioxide (CO2). The researchers estimated the quantity of this dangerous gas in the atmosphere by using Emission Factor Formula as shown in Equation 3.
.........................................................................................(3)

55,833,833.305 Metric Tonnes. 
This implied that carbon dioxide (CO2) emission into the environment would have been reduced by 55,833,833.305 metric tonnes. This tonnage would have constituted 0.395% of total carbon dioxide emitted in 2023 from the production of electric power in the world. It should be noted that the carbon dioxide emitted globally into the atmosphere to generate electricity in 2023 was approximately 14.15 billion metric tonnes (Ian, 2014)

4. CONCLUSION 

Among Combustion, Gasification and Pyrolysis technologies the combustion method is the most popular and widely used in the world. Countries such as Denmark, Sweden, Japan and Norway just to mention a few, have integrated waste-to-energy into their waste management systems. These countries have integrated the 3Rs concept firmly into their waste management strategy. The 3Rs stand for Reduce (minimize); reduce solid waste generation, Reuse; reuse discarded material as much as possible and Recycle; transform waste material into another form of useful material.

The landfills should never be the last resort; incineration should always be considered after the 3Rs concept. The benefits of the incineration process cannot be overemphasised. Apart from electricity generation from the incineration plants, the bottom ash is used as aggregate for road construction. Harmful gasses and flying ash are produced during the incineration, gasification and pyrolysis processes. The gasses are treated as toxic pollutants before their discharge into the atmosphere. The flying ash is also treated for its toxicity as much as possible before sending it to its final disposal site. In all this, there are International protocols and Environmental Protection Agency standards and limits that safeguard the release of these gasses into the environment. Electricity generated from Incineration is always estimated by mathematical models. The construction of these plants does not come cheap, but the high expenditure is compensated for by the numerous benefits derived from their construction. 
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2023_MSW Profile in Million Metric Tonnes of Ten Countries in America 

MSW Recycled	United States	Brazil	mexico	Canada	Argentina	Colombia	Chile	Peru	Cuba	Venezuala	98.1	12	5.5	0.6	2.4	2.4	1	0.9	0.3	0.3	MSW Landfilled	United States	Brazil	mexico	Canada	Argentina	Colombia	Chile	Peru	Cuba	Venezuala	208.5	68	49.5	1.7	13.6	9.6	7	6.6	4.8	4.5	MSW for Electricity Generation	United States	Brazil	mexico	Canada	Argentina	Colombia	Chile	Peru	Cuba	Venezuala	43.4	33.700000000000003	Countries


Million Metric Tonnes




2023_MSW Profile in Million Metric Tonnes of Ten Countries in Europe

MSW Recycled	Russia	Germany	France	United Kingdom	Italy	Spain	Poland	Netherlands	Ukraine	Belgium	29.3	29.3	16	10.8	16.100000000000001	9	5.6	2.7	1.4	2.4	MSW Landfilled	Russia	Germany	France	United Kingdom	Italy	Spain	Poland	Netherlands	Ukraine	Belgium	34.700000000000003	12.6	18.100000000000001	14.1	8.6999999999999993	13.8	8.4	2	7.7	2.1	MSW for Electricity Generation	Russia	Germany	France	United Kingdom	Italy	Spain	Poland	Netherlands	Ukraine	Belgium	11	3.9	8.1	4.2	4.3	1.7	Countries
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2023_MSW Profile Metric Tonnes of Ten Countries in Asia

MSW Recycled	China	India	Indonesia	Japan	Turkey	Pakistan	Thailand	Vietnam	Iran	South Korea	8.6	50.7	6.8	8.8000000000000007	10.8	3	8.1	6.9	3.5	11.4	MSW Landfilled	China	India	Indonesia	Japan	Turkey	Pakistan	Thailand	Vietnam	Iran	South Korea	34.4	118	68.3	36.200000000000003	25.2	27	18.899999999999999	16.100000000000001	19.600000000000001	7.6	MSW for Electricity Generation	China	India	Indonesia	Japan	Turkey	Pakistan	Thailand	Vietnam	Iran	South Korea	207	11	Countries


Million Metric Tonnes




2023_MSW Profile in Million Metric Tonnes of Ten Countries in Africa

MSW Recycled	Nigeria	Egypt	South Africa	Algeria	DRC	Morocco	Ethiopia	Angola	Kenya	Ghana	4.2	7.5	2.1	1.6	0.6	0.8	0.4	0.9	0.5	MSW Landfilled	Nigeria	Egypt	South Africa	Algeria	DRC	Morocco	Ethiopia	Angola	Kenya	Ghana	37.799999999999997	17.5	18.899999999999999	11.4	11.4	6.8	6.5	6.1	4.9000000000000004	4.5	MSW for Electricity Generation	Nigeria	Egypt	South Africa	Algeria	DRC	Morocco	Ethiopia	Angola	Kenya	Ghana	0.5	0.3	Countries


Million Metric Tonnes







image5.png
L m ] L J

Waste Delivery Section ~ [ncineration. ERersy  Flue Gas Cleaning Section
Section  Recovery
Section




image6.png
Flue Gas Reactor  Emissions

Stem  Hydrated Lime

Incineration Turbine/ Residue Silo
Bottom Grate  Generator (Flying Ash)

Discharge
Hall

Waste
Bunker





image7.png




image8.png
o005

[Ty B S i

I T | I

Solid Fuel [ncinerationProcess  Energy Recovery Flue Gas Cleaning Process
(Waste) Process

Process

ey et

wsweor,
100%

—-— T [, e | —





image9.png
Solid Fuel
Feeding

Fluidizing Grid
Bed Material Dosing System





image10.png




image11.png
Interlocking block

Concrete block





image12.png




image13.png
TRASH
STORAGE
BUNKER

“N ASHTO LaNDRILL

(o0l )\ ~p
y [0000[ o
POLLUTION CONTROL SYSTEM

[ (2] (] (4] (5]

NITROGEN —=p MERCURY —mp ACID GAS —p PARTICULATE —esp POLLUTION
OXIDE 8 DIOXIN REMOVAL REMOVAL CONTROL
REMOVAL REMOVAL SYSTEM SYSTEM TESTS
SYSTEM SYSTEM

ASH CONVEYOR BELT





image14.png
Waste.

=0
Wase bunier
s £ om
(

fest stem
Gas outer
Sarnter
Coor
i Cashcation o
Conipsie ol appon 1400 €
o . Gasing agan ozzs

Gassing age Siag artactn,

{steam and oygen appron 1400 °C

Slag quenching ol bumer
ke =

Stagaok.




image15.png
- ._:E“"m" Feed Water Emissic
Combustion Turbine apk \:I,,S'?m-l
. Air Fan onitoring
Oeted ] o s i |4 ﬁ I— Soem

Fibrous
Filter

Economizer  Stack.

Bunker Bunker Discharging
System




image16.png




image17.png
MSW (Million Metric Tonnes)

350

300

250

200

150

MSW vs Electricity Generated

Europ:

10000 15000 20000 25000
Electricity Generated (MW)

30000




image3.jpeg
most

favored prevention
option
minimisation
recycling
least energy recovery
favored
option disposal





image4.png




