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MINING THE URBAN WASTE STREAM FOR ENERGY 

INTRODUCTION 

Urban liquid and solid wastes are a rapidly growing problem worldwide. Governments struggle to prevent 
their citizens from being buried under a mountain of trash and sewage. Uncollected wastes, particularly in squatter 
communities and outlying urban areas, are major sources of disease and sickness. Lack of financial resources 
slows the creation of needed waste collection and disposal infrastructure, while population and industrial pressure 
on available land make it increasingly more d=cult to find disposal sites for the trash that is collected. 

Yet urban wastes can also be seen as valuable resources-ccurban gold" as more than one analyst has 
characterized trash. Urban wastes contain valuable materials such as aluminum and steel that can be recovered 
and sold to help defray the costs of waste collection and treatment. The vegetative portions of the waste stream can 
be broken down by microbial action, producing a medium BTU gas that can be used for household cooking, shaft- 
power production, or electricity generation. Combustible fractions of the urban waste stream-paper, cardboard, 
plastic-have a high energy content that can be "mined" to meet growing urban energy needs. Beginning in the 
early 1970s, a number of developed country governments and major corporations began concentrated efforts to find 
technological solutions for "harvesting7' this portion of the urban waste stream and converting it into useful energy. 

From this start developed the thermal combustion and resource recovery systems that today are so 
prominent in Japan, the United States, and Europe. Many vendors in the United States and Japan rely on licensed 
proprietary integrated waste handling and combustion technologies developed and perfected in Europe. These 
large, centralized Waste-to-Energy (WTE) systems are technologically mature, eliminate a large fraction of the 
trash they take in, often produce and sell electricity to the local electric grid, and control the emissions from the 
WTE conversion process to low levels mandated by local and national air quality codes. Their economic viability 
is primarily determined by the payments that they received (normally based on the landfill costs or "tipping fees"' 
that are avoided) and by the sales price received for the power and/or process heat that they generate. 

Existing landfills can also be tapped as sources of methane, and systems for landfill gas collection and 
utilization have been developed in a number of countries, including Latin America. Such systems not only provide 
useful energy, but also capture the methane that would otherwise be released into the atmosphere. Over the past 
two decades, there has been mounting evidence that methane is a major contributor to global climate change. It 
contributes to global warming (i.e., increased atmospheric entrapment) and also to stratospheric ozone depletion. 

This success in producing energy from urban wastes, while simultaneously drastically reducing additions 
to landfills, has taken place largely in industrialized countries, but the lessons have not been lost on planners from 
major less developed countries (LDCs). Many LDC urban areas are running out of landfill space, are dependent on 
expensive imported energy, and are chronically short of funding for waste collection and disposal. A successful 

I 
A tipping fee is the charge to the waste hauler or municipality for disposing wastes at a landtill or resource recovery plant. The term comes firom the 

"tipping" or emptying of a dump truck by raising up the bed of the truck. A tipping fee is usually charged on a per ton basis, with the truck being 
weighed full and then after discharging its load, and the hauler being charged for the weight dumped into the landtill or resource recovery site. In 
urban areas of the U.S. East Coast, tipping fees of $60 - 160 or more per ton are possible, meaning that an urban area that collects 10,000 todday, 
250 days per year has to pay annual fees of $150 - 375 million dollars to place that waste into landfills. A state by state mapping of 1991 tipping fees 
can be found in SRI International, Data Summarv of Municipal Solid Waste Management Alternatives. Volume !, 1992, pg. 99. 
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plastic-have a high energy content that can be "mined" to meet growing urban energy needs. Beginning in the 
early 1970s, a number of developed country governments and major corporations began concentrated efforts to find 
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WTE conversion process to low levels mandated by local and national air quality codes. Their economic viability 
is primarily determined by the payments that they received (normally based on the landfill costs or "tipping fees'" 
that are avoided) and by the sales price received for the power and/or process heat that they generate. 

Existing landfills can also be tapped as sources of methane, and systems for landfill gas collection and 
utilization have been developed in a number of countries, including Latin America. Such systems not only provide 
useful energy, but also capture the methane that would otherwise be released into the atmosphere. Over the past 
two decades, there has been mounting evidence that methane is a major contributor to global climate change. It 
contributes to global warming (i.e., increased atmospheric entrapment) and also to stratospheric ozone depletion. 

This success in producing energy from urban wastes, while simultaneously drastically reducing additions 
to landfills, has taken place largely in industrialized countries, but the lessons have not been lost on planners from 
major less developed countries (LDCs). Many LDC urban areas are running out of landfill space, are dependent on 
expensive imported energy, and are chronically short of funding for waste collection and disposal. A successful 

A tipping fee is the charge to the waste hauler or municipality for disposing wastes at a landfill or resource recovery plant. The term comes from the 
"tipping" or emptying of a dump truck by raising up the bed of the truck. A tipping fee is usually charged on a per ton basis, with the truck being 
weighed full and then after discharging its load, and the hauler being charged for the weight dumped into the landfill or resource recovery site. In 
urban areas of the U.S. East Coast, tipping fees of$60 - 160 or more per ton are possible, meaning that an urban area that collects 10,000 tons/day, 
250 days per year has to pay annual fees of$150 - 375 million dollars to place that waste into landfills. A state by state mapping of 1991 tipping fees 
can be found in SRllntemational, Data Summary of Municipal Solid Waste Management Alternatives, Volume I, 1992, pg. 99. 
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WTE conversion system could reduce landfill additions, produce needed energy, and generate revenue (from the 
sales of energy and recaptured materials) that could be used to expand waste collection and disposal operations. 

When we turn our attention to examining the waste streams found in the urban areas of the developing 
world, however, we find more questions than answers. Despite a growing garbage collection and disposal problem 
in virtually every major urban area, technical information needed to make technology choice and funding decisions 
is still lacking in most developing countries. Key questions that need to be answered to determine the 
technological and economic viability of any WTE proposal include: 

How much waste is generated on a daily basis? 

How is it collected and where is it sent once collected? 

What is the composition of the waste stream? 

Is the waste stream already undergoing separation, so that valuable components are 
being removed or recovered? 

Given the collection system, the size of the waste stream, and the composition of the 
wastes collected, which WTE conversion systems are appropriate technological 
choices? 

Given the financial and manpower resources of urban waste departments, which 
waste-to-energy systems can be operated and maintained over the long-term in a 
developing country setting? 

This report collects and reports currently available field data on all of these questions. Section 1 examines 
the currently available information on the magnitude of the urban waste problem, the physical composition of the 
waste stream (with special attention to that in developing countries), any and all information on the energy content 
of the waste streams in key regions of the developing world, and where the wastes currently go once collected. 
Because "tipping fees" are crucial to the financial viability of many available WTE systems, we have also gathered 
anecdotal information on how waste disposal is currently financed, including charges for landfills. 

Section 2 looks at the range of conversion technologies for converting developing country urban wastes to 
energy. These include anaerobic digestion, landfill gas utilization, large-scale composting of urban wastes, and 
thermal combustion of municipal solid wastes. The focus will largely be on residential trash and garbage, rather 
than industrial waste streams or agricultural processing wastes, for which there is an extensive literature and set of 
case studies developed by the U.S. Agency for International Development's Biomass Energy Systems and 
Technologies Project and others. For each option, the principles and normal operating conditions are set forth, as 
are the possible uses for the energy produced. Because of the importance of waste gas emissions to possible global 
climate change, we have also included an examination of the potential contribution of that technology to reducing 
"greenhouse gas" emissions. 

Section 3 focuses on recent WTE trends, experience, and innovations in the developing world. Wherever 
possible, we have included results from actual pilot scale or commercial installations. We have also looked at the 
experience of indigenous technology development versus the adaptation of imported technology to try to determine 
what factors contribute to success or failure in the conversion of urban wastes to energy. 

In Section 4, this report examines the sketchy evidence available on the economic feasibility of converting 
developing country wastes to energy. While we have tried to restrict the analysis to actual commercial 
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installations, the scarcity of installations has prompted us to include some pilot scale and research program 
installations as well, where the data appeared to be complete and relevant. Section 5 pulls together all of the 
greenhouse gas reduction information presented in this report, presenting the lessons learned and potential future 
strategies. Section 6 presents the overall report findings, as well as recommendations on steps and policies that 
could accelerate the future production of energy from urban solid wastes in the developing world. 
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1.0 AVAILABILITY, CHARACTERISTICS, AND 
DISPOSITION OF URBAN SOLID WASTES 

The urban sectors of countries across the income spectrum have been growing rapidly in the past four 
decades, with the growth most pronounced in the less developed countries (LDCs). The urbanization trend is most 
pronounced in Latin America and the Caribbean, where more than 8 in 10 citizens will live in urban areas by the 
year 2025. Figure 1.1 shows the current and projected growth of urban populations by developing regions for the 
period 1950-2025.' 

The rapidity of this population concentration in urban areas is often startling: take the examples of 
Cameroon, Honduras, and Mauritania. All three countries have already witnessed a doubling of their populations 
living in urban areas in the period 1960-1990. Of course, it is the absolute, not percentage, urban population 
figures that are important to this analysis, since they are directly correlated with waste generation. With general 
population growth, current urban populations are 250-500% of what they were two generations ago.3 

The urban population explosion is greatest in the emerging metropolises of the developing world, which 
serve as magnets for rural-urban migration. Karachi, Dhaka, Sao Paolo, Mexico City-all are anticipated to have 
more than f&een million inhabitants by the year 2000. Of the 24 megacities projected to have more than 
10 million inhabitants by the year 2000, 18 will be in developing ~ountries.~ 

2 
Data taken f?om fi (Washington, D.C.: U.S. Agency for International Development Oflice 

of Housing and Urban Programs, July 1990), Figure 1 on page 5. 
3 

For country by country statistics on the rate of urbanization and on the concentration of population in large urban areas, see World Develo~ment 
Report 1992: Development and the Environment (Washington, D.C.: The World Bank, 1992), Table 3.1 : Urbanization, pp. 278-279. 

World Re+ufces Institute, "Human Settlements" in World Resources 1990-1991 (Washington, D.C.: World Resources Institute, 1990), p. 67. 
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Data taken from Urbanization and the Environment in Developing Countries (Washington, D.C.: U.S. Agency for International Development Office 
of Housing and Urban Programs, July 1990), Figure I on page S. 

For country by country statistics on the rate of urbanization and on the concentration of population in large urban areas, see World Development 
Report 1992: Development and the Environment (Washington, D.C.: The World Bank, 1992), Table3.I: Urbanization, pp. 278-279. 

World R~uices Institute, "Human Settlements" in World Resources 1990-1991 (Washington, D.C.: World Resources Institute, 1990), p. 67. 
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FIGURE 1.1: PERCENTAGE OF POPULATION LIVING IN URBAN AREAS 
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Living in Urban Areas 
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Most developing country urban centers are also industrial and manufacturing centers. The operation of 
these factories produces not only large streams of solid wastes but also hazardous and toxic wastes. These 
industrial wastes pose particular problems for urban planners (as we will discuss further in Section 1.6.2 below), 
but may also serve as major potential sources for energy production if matched with the proper conversion 
technologies. 

Exploding populations and rapid industrialization produce growing urban waste streams. For urban 
planners throughout the developing world, two key considerations are: how to keep urban populations separated 
from polluted air, water and soil; and how to collect efficiently and effectively and dispose of the rapidly growing 
urban waste stream. 

In this report, we will focus primarily on municipal solid wastes (MSW), since they have traditionally 
been the focus of energy from urban waste efforts. However, it is worth noting that sewage and thin organic 
industrial wastes (such as from food processing) can also serve as sources for energy production through anaerobic 
digestion. We will return to this issue at length in Sections 2.1 and 3.1.1, which discuss anaerobic digestion. 
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1.1 Current Population 

The extent of the growing LDC urban population crisis is shown graphically in Figure 1.2 below. 
Between 1970 and 1990, the urban population of the developing world more than doubled, going from 654 million 
to 1.40 billion people. Between 1990 and the year 2010, the LDC urban population is expected to nearly double 
again, jumping to 2.71 billion. By the year 2010, there will be 2.7 LDC urban dwellers for every individual in the 
industrialized world. 

FIGURE 1.2: URBAN VERSUS RURAL POPULATIONS FOR 
DEVELOPING AND DEVELOPED COUNTRZES 

1970 DC 1970 LDC 1990 DC 1990 LDC 2010 DC 2010 LDC 
Year 

DC = Developed Country 
LDC - Less Developed Country 

1.2 Current and Projected Future Waste Generation 

The average developing country urban citizen produces only a tiny fraction of the MSW produced by his 
or her counterpart in the United States or Europe. It takes 25 urban Nigerians, or a family of 10 in Bombay or 
Manila to produce the wastes of a family of 3 in Berkeley, California (see Table 1.1). Nevertheless, rapidly 
swelling urban populations, changing consumption patterns, and governmental efforts to extend waste collection to 
unserved populations are creating exponential growth rates in the amount of urban refuse picked up on a daily 
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basis. Metro Manila's waste collection jumped an estimated 60-90% in the period 1982-1991.' Solid waste 
produced in Istanbul has risen from 3,600 tons6 in 1979 to approximately 9,000-10,000 tons by 1992.' Planners 
estimate that Bangkok's refuse collection will more than double by the end of the current decade, going from 4,200 
tons per day (TPD) in 1991 to 9,500 TPD by the year 2000.' 

1.2.1 The Residential, Commercial, and Industrial Waste 
Breakdown in the Developed and Developing World 

MSW generally falls into three major categories: household or residential waste, commercial, and 

industridmanufacturing. Not only are the organizations that generate these wastes different, but waste streams 

from each group have different composition. IndustriaVmanufacturing operations not only produce normal wastes 
such as paper and plastic, but are also responsible for much of the hazardous and toxic waste in urban areas: 
petroleum-based chemicals, heavy metals, pesticides, herbicides, and effluents specific to each industry. For this 
reason, industry and manufacturers in the developed world tend to be heavily regulated, with their hazardous and 
toxic waste stream being handled totally separate from regular MSW. 

By contrast, residential and commercial wastes tend to have similar components but in differing 
proportions, and are normally carried to the same landfills or WTE plants. Because the waste haulers providing 
these services in any given municipality are often different, it is difficult to estimate the proportional share of the 
total non-toxic waste stream that comes from residences, commercial firms, and industry. In the urban areas of 
most developed countries, more than 50% of the MSW generated comes from households, 2040% from 
commercial operations, and the remainder from industry. 

' J. Salvador T. Passe, Jr., "Metropolitan Manila: Issues and Future Prospects of Solid Waste Disposal," Regional Development Dialogue, Vol 14, 
No. 3, Autumn 1993, pp. 179-180. 
6 

Ton units used in this report are expressed in short ton unless noted othenvise. 1 short ton = 0.91 metric tonne. 
7 

R. Parker, A. Kreimer, and M. Munasinghe, editors, Informal Settlements. Environmental Deeradation and Disaster Vulnerability: The Turkey 
Case Study.(Washington, D.C.: The World Bank, 1995), p. 97. 
8 

Ksemsan Suwarnarat and Watana Luanratana, "Waste Management and the Need for Public Participation in Bangkok," Regional Development 
Dialome, Vol 14, No. 3, Autumn 1993, p. 68. 
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TABLE 1.1: CURRENT AND PROJECTED URBAN WASTE  GENERATION^ 

9 
Sources for per capita waste generation: Luis F. Diaz, George M. Savage, Linda L. Egg- and Clarence G. Goluenke, Com~ostinp and Recycling 

Municipal Solid Waste (Boca Raton, Florida: Lewis Publishers, 1993), table 3.1, pg. 36. 1992 Metropolitan area population figures, taken from 
National Geowaphic Atlas of the World. Sixth Edition (Washington, D.C.: National Geographic Society, 1992), p. 134. 
10 

Assumes 10% increase in waste per capita over the period 1990 - 2000 in developing country urban centers, 10% - 20% decrease in waste per 
capita in U.S. cities due to recycling. 
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11 
Assumes doubling of metropolitan area population in major and secondary developing country urban areas by the year 2000. 
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0.73 

1.04 
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TABLE 1.1: CURRENT AND PROJECTED URBAN WASTE GENERATION' 

Current Daily Waste Collection Projected Future Daily Waste 
Generation, year 2000 

Per Capita Total Urban Per Capita Total Urban Area 
Waste Area Waste Waste Waste Collection 

Generation (kg) Collection Generation (tons) 
11 

(tons) (kg)lO 

Berkeley, CA 1.41 155-160 1.27 150 - 155 
USA 

St. Petersburg, 1.75 450-465 1.63 640 -650 
Florida USA 

Caracas, 0.94 3,250-3,500 1.02 5,500-6,500 
Venezuela 

Greater Mexico City, 0.68 11,000-12,000 0.73 15,000-17,000 
Mexico 

Metropolitan 0.96 6,500-6,800 1.04 14,700-15,000 
Lima, Peru 

Asuncion, 0.64 425-450 0.70 900-950 
Paraguay 

Urban (Greater 0.41 5,500-5,800 0.45 11,000-13,000 
Bombay) India 

Manila, Philippines 0.40 4,250-5,000 0.45 7,000-8,000 

Ibadan, Nigeria 0.17 200-250 0.19 450-550 

Sources for per capita waste generation: Luis F. Diaz, George M. Savage, Linda L. Eggerth, and Clarence G. Goluenke, Composting and Recycling 
Municipal Solid Waste (Boca Raton, Florida: Lewis Publishers, 1993), table 3.1, pg. 36. 1992 Metropolitan area population figures, taken from 
National Geographic Atlas oftlte World, Sixth Edition (Washington, D.C.: National Geographic Society, 1992), p. 134. 
10 

Assumes 10% increase in waste per capita over tlte period 1990 - 2000 in developing country urban centers, 10% - 20% decrease in waste per 
capita in U.S. cities due to recycling. 
11 

Assumes doubling of metropolitan area popUlation in major and secondary developing country urban areas by the year 2000. 
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There have been only a few studies undertaken in major developing country metropolitan areas to 
characterize the sources of wastes. These are summarized in Table 1.2 below. 

TABLE 1.2: SOURCES OF URBAN WASTES (PERCENT) 

Santo Domingo's waste stream composition is typical of major LDC urban areas outside Asia. In 
Surabaya, a medium-sized city in Indonesia, the breakout is quite similar to Santo Domingo's, but varies 
seasonally. Surabaya's commercial and industrial waste output is fairly constant year-round, but the market waste 
stream increases by more than 30% from the dry to rainy season, and that of households also rises more than lo%, 
probably due to the increased availability of fresh fruits and vegetables. In Metro Manila, a comprehensive study 
in 1982 found that the sources of waste were similar to those in Santo Domingo and Surabaya, except for the large 
role of street sweeping in waste generation. The importance of the inert matter generated by street-sweeping for 
Asian waste management is discussed further in Section 1.3.3. 

1.2.2 The Special Cases of Construction/Demolition Wastes 
and Agricultural Processing Wastes 

Construction waste requires special attention because of its energy-conversion potential. By construction 
waste, we mean the waste stream that is generated either as a by-product of building a new structure or when an 
older building is demolished. Construction waste is a rich potential source of energy. In the United States, 
construction waste makes up 28% of additions to existing landfills, and the construction waste supply is expanding 
daily. For example, an estimated 2.5 tons of construction wastes are generated for each new single-family home 
built in the U.S.-and more than 1.2 million such units were built in 1994. It is estimated that this new home 
construction waste is 25% wood, 10% plywood, 10% cardboard, 15% gypsum board, and at least 10% masonry or 
concrete. If this waste can be separated at the time of generation, more than a ton per home of high quality waste 
can be used for energy generation (through direction combustion or gasification of the wood and plywood 
fractions) or can be recycled into high value products. Wood taken from construction and demolition has very 
favorable combustion characteristics. One study of mixed (non-forestry) urban wood waste in the U.S. found that it 
had a caloric value of 16,598 Wkg (7,136 BTUAb), a moisture content of only 16%, and an ash content of only 
2.5%.lJ 

12 
Cobb et al, Dominican Republic: Urban Environmental Stratem, Table 4-2, page 4-7. 

13 
Eddy Indrayana and Johan Silas, "Waste Management in Surabaya: A Partnership Approach." Reional Develoument Dialowe, Vol. 14, No. 3, 

Autumn 1993, p. 55. 
14 

Passe, &., Table 1, pg. 179. 
15 
M.L. Smith, "Processing and Utilizing Urban Wood Waste and Pallets for Fuel," Proceedin@ ofthe Second Biomass Conference of the Americas: 

(Golden, Colorado: National Renewable Energy Laboratory, 1995), Table 2, p. 1 13. 
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stream increases by more than 30% from the dry to rainy season, and that of households also rises more than 10%, 
probably due to the increased availability of fresh fruits and vegetables. In Metro Manila, a comprehensive study 
in 1982 found that the sources of waste were similar to those in Santo Domingo and Surabaya, except for the large 
role of street sweeping in waste generation. The importance of the inert matter generated by street -sweeping for 
Asian waste management is discussed further in Section l.3.3. 

1.2.2 The Special Cases ofConstructionlDemolition Wastes 
and Agricultural Processing Wastes 

Construction waste requires special attention because of its energy-conversion potential. By construction 
waste, we mean the waste stream that is generated either as a by-product of building a new structure or when an 
older building is demolished. Construction waste is a rich potential source of energy. In the United States, 
construction waste makes up 28% of additions to existing landfills, and the construction waste supply is expanding 
daily. For example, an estimated 2.5 tons of construction wastes are generated for each new single-family home 
built in the U.S.-and more than 1.2 million such units were built in 1994. It is estimated that this new home 
construction waste is 25% wood, 10% plywood, 10% cardboard, 15% gypsum board, and at least 10% masonry or 
concrete. If this waste can be separated at the time of generation, more than a ton per home of high quality waste 
can be used for energy generation (through direction combustion or gasification of the wood and plywood 
fractions) or can be recycled into high value products. Wood taken from construction and demolition has very 
favorable combustion characteristics. One study of mixed (non-forestry) urban wood waste in the U.S. found that it 
had a caloric value of 16,598 kJ/kg (7,136 BTUnb), a moisture content of only 16%, and an ash content of only 
2.5%.1~ 

12 
Cobb et ai, Dominican Republic: Urban Environmental Strategy, Table 4-2, page 4-7. 

13 
Eddy Indrayana and Johan Silas, "Waste Management in Surabaya: A Partnership Approach." Regional Development Dialogue, Vol. 14, No.3, 

Autumn 1993, p. 55. 
I' 

Passe, op.cit., Table 1, pg. 179. 

" M.L. Smith, "Processing and Utilizing Urban Wood Waste and Pallets for Fuel," Proceedings of the Second Biomass Conference of the Americas: 
(Golden, Colorado: National Renewable Energy Laboratory, 1995), Table 2, p. 113. 
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To date, little attention has been paid to construction and demolition wastes in the developing world. In 
principle, it should have all the same advantages as construction waste in the United States: it is under the control 
of one organization (the firm building or tearing down the building), it is generated in large quantities at discrete 
locations, and it has to be disposed of in some way during or after building construction. The energy to be "mined" 
from this source will depend directly on the materials used for building construction. A study of Manila waste 
composition noted that 1.1% of the waste generated was construction waste, but that only 20% of that amount was 
combustible: the other 80% was concrete, stone, and other non-combustibles.16 On the other hand, ifa home or 
office building is made entirely of wood or natural fibers, there may be a great deal of potential for energy 
generation. This is an area that warrants attention, particularly in major urban areas where there is a great deal of 
redevelopment underway. The older buildings that are being razed may be major potential sources for fuel for 
thermal power or process heat generation. 

It is also worth noting that many LDC urban areas have major agricultural processing facilities that 
generate major waste streams. The Biomass Energy Systems and Technology (BEST) project has conducted major 
assessments of a number of these facilities, and has found much promise for increased efficiency and profitability 
through expanded energy generation. Some of these facilities may also be substantial resources for upgrading the 
energy content of marginal urban waste streams. For example, residential MSW in many of the least developed 
countries is very low in combustible fractions such as paper, plastic, and wood. If this low-caloric value, high- 
moisture content waste could be mixed with wastes such as sawdust or cellulose from a lumber mill or paper mill, 
the resultant mixed waste might be suitable for a variety of energy conversion processes. 

1.3 Physical Composition of Urban Wastes 
in Developed and Developing Countries 

MSW in the less developed world differs markedly from that found in the industrialized North. This is 
particularly true for lower income developing countries. Their urban wastes have a much lower fraction of paper, 
plastic, metals, and glass than those of a U.S. or other developed-country city, and a much higher percentage of 
organic materials (mostly food wastes) and inert material (dirt, rocks, ashes, etc.). This is clearly shown in 
Table 1.3. As the per capita income of a country increases, there is a rise in the fraction of combustible and 
recyclable materials in the waste stream. Because of the importance of this fraction to most conventional waste-to- 
energy combustion systems, incineration operations, and resource recovery centers, we will briefly analyze the 
available field data on the combustible and recyclable portions of urban solid waste and its implications for systems 
design and operation. 

16 
Passe, M t ,  Table 1, pg. 179. 
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TABLE 1.3: COMPOSITION ( % WEIGHT) OF RESIDENTIAL URBAN WASTES IN VARIOUS COUNTRIES'~ 

17 
The figures for India (Bombay), Thailand (Bangkok), Malaysia (Kuala Lumpur), and Japan (Tokyo) are ffom E A R  Ouano, "Imperatives for Recycling and Resource Recovery," Regional Develovment 

Dialorme, Vol 14, # 3, Autumn 1993, pg 26; For the Philippines (Metro Manila, 1982 data), the waste composition figures are h m  J. Salvador T. Passe, a p. 179; For Indonesia (Surabaya), the data is 
taken h Eddy Indrayana and Johan Silas, "Waste Management in Surabaya: A Partnership Approach," Re~onal  Develooment Dialorme, Vol14, # 3, Autumn 1993, pg 56; the data for the Dominican 
Republic is from Michael Cobbs et al, Dominican Re~ublic Urban Environmental Strategy. p.419 (with the food waste column including all organic wastes, the data for the United States, Switzerland, Other 
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Country 

Combustible Material 1 Recyclable Material Organic Material I Other 

Upper Income 
United States 

Japan 

Switzerland 

Paper & 
Cardboard 

36.0 

42.0 

44.0 

Plastic 

I I I I I I I I I 

Lower Income 

7.2 

8.5 

10.0 

Wood/ 
Grasslother 

Peru 

Dominican Republic 

El Salvador 

India 

-- 
4.7 
-- 

10.0 

12.0 

18.0 

10.0 

3.2 

1.3 

6.1 

2.0 

Metal 

-- 
-- 
-- 

20.0 

9.2 

1.2 

7.0 

Glass 

9.8 

1.2 

5.0 

26.0 

32.9 
-- 

Food and Yard 
Waste 

Textiles 

2.1 

1.9 

0.8 

0.2 

2.1 

3.8 
-- 

1.4 
-- 

4.2 

3.6 

AshfSoil 

1.3 

0.7 

0.8 

0.2 

Other 

-- 
0.1 
-- 

50.0 

79.7 

43.0 

20.0 

-- 
3.2 
-- 

38.0 

9.7 

5.6 

34.0 

32.0 
-- 

27.1 

6.0 

TABLE 1.3: COMPOSITION ( % WEIGHT) OF RESIDENTIAL URBAN WASTES IN VARIOUS COUNTRIES
1
? 

Combustible Material I Recyclable Material J Organic Material I Other 

Country Paper & Plastic Wood! Metal Glass Food and Yard Textiles Ash/Soil Other 
Cardboard Grass/Other Waste 

Upper Income 

United States 36.0 7.2 -- 9.2 9.8 26.0 2.1 -- 9.7 

Japan 42.0 8.5 4.7 1.2 1.2 32.9 3.8 0.1 5.6 

Switzerland 44.0 10.0 -- 7.0 5.0 -- -- -- 34.0 

Middle Income 

Thailand 13.9 11.0 14.9 1.8 2.0 36.5 6.9 12.6 0.4 

Malaysia 11.7 7.0 6.5 6.4 2.5 63.7 1.3 0.9 0.0 

Philippines 12.9 6.9 14.0 5.8 3.5 35.8 1.8 14.7 4.6 

Indonesia 13.5 7.7 19.2 1.1 0.8 52.9 1.9 1.4 1.6 

Mexico 20.0 3.8 -- 3.2 8.2 50.0 4.2 -- 10.6 

Lower Income 

Peru 10.0 3.2 -- 2.1 1.3 50.0 1.4 -- 32.0 

Dominican Republic 12.0 1.3 -- 1.9 0.7 79.7 -- 3.2 --
EI Salvador 18.0 6.1 -- 0.8 0.8 43.0 4.2 -- 27.1 

India 10.0 2.0 20.0 0.2 0.2 20.0 3.6 38.0 6.0 
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Europe, Mexico and El Salvador are from the Pan-American Health Organization, 1991, OR. cit, p. 9. 



The composition of urban waste also changes within a given city, as income levels rise and 
industrialization proceeds. Data from Istanbul in Table 1.4 below clearly shows how the organic fraction declines 
over a 12-year period as the city expands and modernizes. 

TABLE 1.4: THE CHANGING WASTE COMPOSITION (%) OF ISTANBUL TURKEY 
1980-1992" 

1.3.1 The Combustible Fraction of MSW 

Upper income, industrialized countries produce waste streams that are 4040% paper, cardboard, and 
plastic. These MSW components burn readily with little or no pretreatment, providing most of the thermal energy 
generated by mass burn units or incinerators. In the middle income developing countries of Asia and Latin 
America, the paper/cardboard/plastic fractions of MSW are significant, ranging from 18-24%. In poor countries 
such as India and Peru, this-combustible fraction can be as little as 12-13%. 

1980 

Most of the MSW in virtually any developing country can be burned, once its moisture content is reduced 
to a certain threshold value. However, at combustible fraction levels of 12 or 15%, traditional mass burn and 
incineration systems may not be able to create the excess heat (after drying of the waste stream) required to 
generate much usable power or process heat. 

1985 1986 

1.3.1.1 Paper, Cardboard, and Paper-Derived Wastes 

Combustible Material 

Why are combustible fractions so low in countries such as India, Peru or the Dominican Republic? 

1987 

Individual households have much lower disposable incomes and therefore purchase 
far less in the way of discretionary non-food goods; 

1992 

Paper & 
Cardboard 

Plastic 

Lower literacy rates mean fewer newspaper sales per capita (and therefore fewer 
newspapers in the refuse stream); 

10.2 

6.2 

18 
Parker, Kreimer, and Munasinghe, & Figures 5-2 and 5-3, pp. 96-97. 
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10.2 

3.1 

Recyclable Material 

11.7 

7.1 

11.3 

11.8 

12.8 

9.4 

Metals 

Glass 

4.3 

3.6 

1.4 

0.7 

Organic Material 

4.6 

3.4 

Food & Yard 
Waste 

Textiles 

3.8 

4.1 

60.8 

3.2 

4.1 

4.1 

Other 

43.3 

3.9 

sh/Soil 
Other 

42.7 

3.1 

16.2 

4.5 

44.1 

4.0 

16.8 

10.1 

42.0 

3.6 

20.2 

9.5 

13.1 

8.6 

16.1 

7.9 

The composition of urban waste also changes within a given city, as income levels rise and 
industrialization proceeds. Data from Istanbul in Table 1.4 below clearly shows how the organic fraction declines 
over a 12-year period as the city expands and modernizes. 

TABLE 1.4: THE CHANGING WASTE COMPOSITION (%) OF ISTANBUL TURKEY 
1980-1992
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1980 1985 1986 1987 1992 

Combustible Material 

Paper & 10.2 11.7 10.2 1l.3 12.8 
Cardboard 

Plastic 3.1 7.1 6.2 11.8 9.4 

Recyclable Material 

Metals 1.4 4.3 4.6 3.8 4.1 

Glass 0.7 3.6 3.4 4.1 4.1 

Organic Material 

Food & Yard 60.8 43.3 42.7 44.1 42.0 
Waste 

Textiles 3.2 3.9 3.1 4.0 3.6 

Other 

sh/Soil 16.2 16.8 20.2 13.1 16.1 

Other 4.5 10.1 9.5 8.6 7.9 

1.3.1 The Combustible Fraction ofMSW 

Upper income, industrialized countries produce waste streams that are 40-60% paper, cardboard, and 
plastic. These MSW components burn readily with little or no pretreatment, providing most of the thermal energy 
generated by mass burn units or incinerators. In the middle income developing countries of Asia and Latin 
America, the paper/cardboard/plastic fractions ofMSW are significant, ranging from 18-24%. In poor countries 
such as India and Peru, this' combustible fraction can be as little as 12-13%. 

Most of the MSW in virtually any developing country can be burned, once its moisture content is reduced 
to a certain threshold value. However, at combustible fraction levels of 12 or 15%, traditional mass burn and 
incineration systems may not be able to create the excess heat (after drying of the waste stream) required to 
generate much usable power or process heat. 

18 

1.3.1.1 Paper, Cardboard, and Paper-Derived Wastes 

Why are combustible fractions so low in countries such as India, Peru or the Dominican Republic? 

• Individual households have much lower disposable incomes and therefore purchase 
far less in the way of discretionary non-food goods; 

• Lower literacy rates mean fewer newspaper sales per capita (and therefore fewer 
newspapers in the refuse stream); 

Parker, Kreimer, and Munasinghe, op. cit, Figures 5-2 and 5-3, pp. 96-97. 
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Developing country households typically receive fewer of their goods in packaged 
form-foods are typically picked up in bulk at local markets where they are not pre- 
wrapped or receive much less wrapping than is customary in industrialized 
countries; and 

There are often very efficient informal waste separation and recycling programs 
which extract the valuable portions of the waste stream before they get to any 
central processing facility. 

This informal separation is true even in relatively high-income countries. Suwarnarat and Luanratana 
note that "the major materials which are sorted out [in Bangkok] include paper and cardboard, glass bottles, 
plastics (both bottles and sheets), metals (ferrous and nonferrous), and rubber. Materials are separated at several 
stages of the collection process, including at source, prior to collection; by the crews of collection vehicles; and by 
waste pickers at the dump sites."lg 

This ad hoc waste separation is an important source of revenue for the refuse collectors, as well as for full- 
time trash pickers who either work the side streets before the refuse collectors arrive or who work at the dump site. 
The scale of the employment generation by this informal sector can be seen in the figures for Surabaya, Indonesia 
provided by Idrayana and Silas. They estimate that there are 2,500-3,000 waste pickers in this town of 2.5 million 
people, as well as an additional 13,000 street sweepers and waste gatherers, mostly employed by private 
associations or regions within the city.'' The Center for Policy and Implementation Studies in Jakarta estimated 
that in 1987 there were more than 60,000 people involved in that capital city's informal system of MSW 
recycling.21 

1.3.1.2 Plastics 

Being derived from petroleum distillates, natural gas, and natural gas liquids, plastic products are highly 
combustible. Because many of the common plastics are chemically stable and do not break down readily from 
microbial action, they also tend to remain indefinitely without decomposing in landfills. For these two reasons, 
combustion of plastic rekse is a very attractive alternative. However, many plastics are readily recycled, and there 
are well-developed markets in many developing country urban areas for plastic bottles, plastic sheeting, and 
specialty products such as styrofoam. 

Many middle income countries, particularly those in Asia, already have plastic consumption and disposal 
habits that approximate that of industrialized nations. Typically, residential trash across Europe, North America, 
Latin America, and Southeast Asia has 7.0-1 1.0 % plastics content. This is not true in poorer nations. In India, 
we see only a 2% plastic fraction, due in part to very low per capita income, to minimal use of plastic in food 
packaging, and to the intensive informal recycling. 

1.3.1.3 Other Com bustible Components 

One of the most interesting but difficult-to-analyze components of LDC-MSW is the category labeled as 
wood/grass/other in Table 1.2. In most cases, it is what U.S. urban waste managers in the United States refer to as 
"yardwaste": tree limbs, palm fronds, grass clippings, etc. In humid tropical countries, these organic fractions, 
while combustible and high in caloric value energy, are also relatively wet or green. Freshly cut tree limbs and 

19 
Suwarnarat and Luanratana, "Waste Management and the Need for Public Participation in Bangkok," op.cit, pg. 72. 

20 
E. Indrayana and J. Silas, OJ& pp. 56 - 57. 

21 
Center for Policy and Implementation Studies, Enterprises for the Recycling and Cornposting of Municipal solid Waste, p. 5. 
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One of the most interesting but difficult-to-analyze components ofLDC-MSW is the category labeled as 
wood/grass/other in Table 1.2. In most cases, it is what U.S. urban waste managers in the United States refer to as 
"yardwaste": tree limbs, palm fronds, grass clippings, etc. In humid tropical countries, these organic fractions, 
while combustible and high in caloric value energy, are also relatively wet or green. Freshly cut tree limbs and 

19 
Suwarnarat and Luanratana, "Waste Management and the Need for Public Participation in Bangkok," op.cit, pg. 72. 

20 
E. Indrayana and J. Silas, op.cit, pp. 56 • 57. 

21 
Center for Policy and Implementation Studies, Entemrises for the Recycling and Composting of Municipal solid Waste, p. 5. 

24 



grass clippings have initial moisture contents of 50% or more, so they require initial drying or pre-combustion 
processing (chipping, etc.) before they can be burned. If not used for direct combustion in a WTE facility, much of 
this fraction of the waste stream makes an excellent substrate for either composting or for anaerobic digestion. 

1.3.2 Food and Vegetative Wastes 

In the lower- and middle-income developing countries, much of the MSW collected in urban areas is food 
waste. Food wastes typically account for 35-50% of the LDC urban residential waste stream, and typically have 
moisture content of 50% or more. Given the heat common in many tropical developing countries, these wastes are 
subject to rapid decay and decomposition. Health considerations generally mandate that food and vegetative wastes 
at a dump site be covered with soil as soon as they are delivered. 

By contrast, food wastes account for only 8-10% of typical U.S. MSW. This is due to the widespread use 
of preprocessed and packaged foods (from which waste has been removed in the packing plant or grocery store), 
and to the widespread use of kitchen garbage disposals, which grind up food wastes and put them into the waste 
water treatment system rather than the landfill.22 But the MSW of typical U.S. households usually contains a 
substantial fraction of so-called "yard wastes": grass clippings, leaves, tree branches, etc. Yard wastes account for 
1540% of U.S. urban MSW, and this MSW fraction typically has moisture content of 50% or more. Yard waste is 
increasingly separated out in the United States, and composted rather than put into the landfill (See Section 2.4 
below for details of current U.S. large-scale composting efforts). 

1.3.3 Non-Combustible Materials 

MSW in many developing country urban areas often has a high fraction of inert material such as soil, 
rocks, ashes, and dust. This is particularly true in Asia, where a significant amount of a city's waste is gathered by 
sweepers from unpaved streets, sidewalks, and alleyways. The high fraction of dirt and rocks produced by this 
sweeping (over 30% in the case of Bombay, India) presents major problems for WTE combustion systems. This 
inert fraction not only does not contribute to the combustion process, but it accelerates wear on key parts (conveyer 
belts, feed augers, etc.) as the MSW moves through a waste-to-energy plant. The Danish firm Volund found that 
the initial waste samples they were given in New Delhi, India for WTE-system design purposes had a 29% inert 
fraction and an average caloric value of 5,024 kJkg (2,160 BTUAb). When in 1986 they did test runs on the small 
WTE facility that they constructed in Delhi, the actual wastes available came from old Delhi, had a net calorific 
value of only 2,512-3,768 kJkg (1,080-1,620 BTUAb), and an even higher fraction of sand and silt than expected. 
The European engineers recommended to their Indian clients that a screening facility be installed to eliminate as 

much of the dirt and rocks as possible before the waste arrives at the Volund plant combustion chambers. 

1.3.4 ConstructiodDemolition Wastes, Commercial and 
Industrial Wastes, and Agriculturul Processing Wastes 

Thus far, we have focused exclusively on residential urban waste. However, the urban core of most large 
developing country cities also contains industrial and commercial centers. These industrial and commercial 
complexes generate a variety of waste streams. In areas undergoing rapid growth or urban renewal, major 
quantities of urban construction and demolition wastes are created when new buildings are erected or when older 
buildings are tom down. This concentration of industrial, commercial, and demolition wastes both poses major 

22 
Dean Mahin, Prospects in Develovine. Countries for Enerw from Urban Solid Wastes (Arliigton, Virginia: TEM Associates for the U.S. Agency 

for International Development, September 1988, pg. 3. 
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inert fraction not only does not contribute to the combustion process, but it accelerates wear on key parts (conveyer 
belts, feed augers, etc.) as the MSW moves through a waste-to-energy plant. The Danish firm Volund found that 
the initial waste samples they were given in New Delhi, India for WTE-system design purposes had a 29% inert 
fraction and an average caloric value of 5,024 kJ/kg (2,160 BTUllb). When in 1986 they did test runs on the small 
WTE facility that they constructed in Delhi, the actual wastes available came from old Delhi, had a net calorific 
value of only 2,512-3,768 kJ/kg (1,080-1,620 BTUllb), and an even higher fraction ofsand and silt than expected. 
The European engineers recommended to their Indian clients that a screening facility be installed to eliminate as 

much of the dirt and rocks as possible before the waste arrives at the Volund plant combustion chambers. 

1.3.4 Construction/Demolition Wastes, Commercial and 
Industrial Wastes, and Agricultural Processing Wastes 

Thus far, we have focused exclusively on residential urban waste. However, the urban core of most large 
developing country cities also contains industrial and commercial centers. These industrial and commercial 
complexes generate a variety of waste streams. In areas undergoing rapid growth or urban renewal, major 
quantities of urban construction and demolition wastes are created when new buildings are erected or when older 
buildings are tom down. This concentration of industrial, commercial, and demolition wastes both poses major 
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problems for waste-toenergy planners and provides some major opportunities for energy-rich feedstocks. 

In industrial nations, recent surveys have found that the amount of construction and demolition wood 
waste is quite high, and may prove to be a source for sigmficant amount of power generation. A recent study of 
five U.S. states found an average of 0.2 kg (0.44 lb) per capita per day of wood waste from construction or 
demolition." For a city of two million citizens, this would mean 200 tons of wood wastes available per day for 
power generation. If waste from manufacturing and tree trimming are added in, the available wood fuel jumps to 
569 tons per day. While no comparable data are available for large developing country urban centers, it is 
expected that wood from urban construction and demolition would also be a large potential fuel for combustion or 
gasification systems. 

Rapidly industrializing developing countries with accelerating tu%an-based industrial development often 
experience an equally rapid growth in the generation of hazardous and toxic wastes. In Bangkok, USAID- 
sponsored consultants estimated that the amount of hazardous waste generated annually jumped from 1.3 to 1.9 
million tons from 1986 to 1991. From 1991 to 1996, Bangkok's hazardous waste volume is expected to nearly 
double again, reaching 3.5 million tons per year.M 

This rapid increase in urban hazardous wastes is repeated throughout the rapidly burgeoning cities of Asia 
and Latin America, although its composition may vary from location to location. Toxic compounds pose a major 
problem for any planned waste combustion facilities or anaerobic digestion of unsorted municipal solid waste. 
While some high temperature incineration technologies are designed to destroy hydrocarbon and chlorinated 
wastes (pesticides and herbicides, PCBs, etc.), they do not affect heavy metals. These metals will still have to be 
recaptured from the smokestack and from the ash stream if the heavy metal pollution in Bangkok and other large 
cities is not to be made still worse. 

That heavy metal pollution is already a serious health hazard in many LDC metropolises. Due to current 
air-borne and water-borne lead contamination, U.S. experts have estimated that as many as 500,000 adult males in 
Bangkok today may have hypertension, while 30,000-70,000 children may have lost four or more IQ points from 
exposure to environmental lead." Adding in additional sources of airborne lead from waste combustion or through 
groundwater contamination will not be acceptable to public health authorities or to the general public. Any waste- 
to-energy project would have to insure the prior segregation of hazardous and toxic wastes from the project waste 
stream. Even small concentrations of heavy metals would poison any MSW anaerobic digestion system. 

On the other hand, certain commercial, industrial, and demolition wastes are potentially rich energy 
sources. These are plentiful, high in energy content, and relatively easy to locate and control. A detailed 
examination of the wastes generated in Metro Manila showed that commercial, industrial, and demolition wastes 
were approximately equal in weight to those generated by the residential sector. Using these sectors as WTE 
supply sources may have significant practical advantages for WTE combustion planners because of the high 
percentages of paper and cardboard (46% in the case of commercial waste streams and 30% in the case of the 
industrial sector).26 Construction and demolition wastes are particularly ideal sources for combustion, provided 
that the buildings being torn down are built with wood frame construction. Wood timbers that have been in a 
building for 20 or more years make excellent fuel. 
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1.4 Density, Water Content, and Energy Content 
of Initial and Available Waste Streams 

1.4.1 Moisture Content 

One of the most striking aspects of residential MSW in developing countries is its high moisture content. 
Because of its original organic content and the selective removal of paper and cardboard by scavengers and waste 
handlers, the water content of wastes is typically double that of the United States. Often quoted figures are 50% 
moisture content for India and the poorest countries in Latin America, and slightly less for Mexico and other 
middle income developing ~ountries.~' It may be even higher seasonally. The moisture content in Bandung, 
Indonesia has been measured as 80% m~isture.~' If wastes with high moisture content are to be burned, much of 
this moisture will have to be driven off by drying or pressing prior to combustion. 

In addition, in LDCs environmental conditions have a major impact on moisture content of waste streams. 
In arid areas, such as sub-Saharan Africa, wastes dry out quickly due to the high ambient temperatures and low 
humidity. This may create a problem for anaerobic digestion projects, but it also has major advantages for any 
thermal waste-to energy conversion process. MSW in the humid tropics is subjected to frequent heavy rains 
(particularly during the monsoon periods in Southeast Asia, South Asia and the Pacific Islands) and high ambient 
humidity. Urban wastes that are unprotected from the elements may become and remain wet for extended periods. 
Open air drying may do little to reduce this high moisture content, which promotes decay and putrefaction. 

Seasonal MSW moisture content must also be accounted for in any WTE projects. In many LDCs, the 
moisture content of MSW rises substantially in the wet season. In a sample of India cities, the moisture content of 
MSW varied from 5 to 50%." This is due not only to rainfall but also to changes in diet. Fruits and vegetables are 
more p l e n a  in the rainy season, and thus contribute to the high moisture content of the MSW. Even in cities 
with little rain and low humidity (such as Cairo), the highly-seasonal food fraction in the waste stream contributes 
to a MSW stream with a 4040% moisture content.30 

Residential urban wastes in many developing countries are not only wetter, but have a much higher 
density than MSW of industrialized nations. In some Asian countries, MSW can weigh 500 kg/m3 (3 1.7 lb/ft3) 31. 

In the United States. in contrast, MSW typically weighs 90-175 kg/m3 (5.6-1 1.1 lb/ft3) at the landfill gate,32 while 
in the United Kingdom the average is similar-150 kg/m3 (9.5 lb/ft3). There are three variables contributing to this 
LDC-MSW density: the high moisture content, the low fiaction in many LDCs of light materials such as paper 
and plastic, and the high percentage of inert matter. These factors may fluctuate seasonally and these fluctuations 
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may offset one another. For example, a recent specification for a proposed WTE plant in Istanbul, Turkey noted 
that the organic content was 45% by weight in the spring and summer and dropped to 33% in the autumn and 
winter (lowering the density), while coal ash accounted for 12% by weight in the fall and winter (raising density) 
but were absent in the spring and summer.33 

1.4.3 Initial Energy Content Before Be-treatment 

For WTE combustion systems, energy content or caloric value is a central consideration. The MSW must 
contain enough energy content to generate excess heat that can be used to raise steam to drive electrical generation 
turbines, or that can be used directly as process heat. If the feedstock is moist, waste heat will also be needed for 
drylng the waste steam prior to combustion. While the caloric content of MSW in the United States, Japan, and 
Europe varies from city to city, it is generally in the range of 10,467 kJkg (4,500 BTUA) or more in the United 
States and 7,536 kT/kg (3,218 BTUhb)34 or more in the European Comm~nity.~' Middle-income Asian countries, 
such as Taiwan and the Philippines, typically have energy contents comparable to Europe (7,462 kJkg, for Taipei 
and 7,713 kJkg, for Manila)36, due to the substantial plastics fraction in their MSW. While the U.S., Asian, and 
European MSW caloric values are considerably lower than that of common utility fuels (U.S. sub-bituminous coal 
typically contains 10,700-14,863 kJkg or 8,300-1 1,500 BTUAb), it is still more than sufficient for power plant 
operation. A number of successful proprietary incineration and WTE systems, most of European design, have been 
developed and commercialized to use MSW feedstock of this energy and moisture content. 

In the poorer countries of the developing world, however, the energy content of residential urban MSW is 
typically only 40-75% of that of industrialized nations. For example, a survey of 33 mid-sized Indian cities found 
MSW caloric values of only 3,3494,605 kJkg (1,440-1,980 BTUAb), while MSW from larger Indian urban areas 
had energy contents of 4,6054,280 kJkg (1,980-2,700 BTUAb). Such low caloric waste streams are outside the 
design parameters of most commercially-available packaged MSW combustion technologies, which means that the 
waste stream will probably have to be "upgraded" by removing inert fractions, noncombustibles, and water vapor 
before it can be burned. 

1.4.4 Waste Variations by Income Level 

The amount and content of urban residential waste streams also varies within a given city from 
neighborhood to neighborhood. Upper-class and middle-class neighborhoods generate more waste per capita. A 
study of neighborhoods in Santo Dominigo found that households with an income of more than 1,000 pesos per 
month generated nearly twice the waste per capita of those households with less than 300 pesos per month-0.92 
kg/person/day vs. 0.46 kg/personlday.37 The waste streams from wealthier areas in developing countries also have 
higher energy contents. They more closely resemble the MSW of industrialized nations, containing more of the 
combustible fractions (paper, plastics, cardboard, and wood) than do poorer areas in the same city. These 
households typically discard more packaging material and reading material and less ash, dirt, and other inert 
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 material^.'^ For example, the MSW from higher income areas of Cairo averaged a caloric content of 7,117-7,536 
kJkg (3,060-3,240 BTU1lb)-a value comparable to that of many locations in Europe-while residential wastes 
from poorer areas in Cairo had a caloric value of only about 6,280 kJ/kg (2,700 BTUIlb). 

One concept that has been discussed (but not yet extensively implemented) in larger LDC urban areas has 
been to collect the trash for WTE combustion plants primarily from upper- and middle-class neighborhoods, while 
wastes of poorer areas would be landfilled, anaerobically digested, or composted. A problem is that informal 
scavenging and waste recycling is much more prevalent and often better organized in wealthy neighborhoods, since 
the waste here contains more valuable products, from discarded furniture to plastics and paper. Nevertheless, 
concentrating on upper-class neighborhoods is one relatively easy way to insure wastes of higher energy content for 
a WTE combustion system. This approach, however, does not deal with the majority of the city's residential waste 
stream. While the poor generate less waste per capita than do the wealthiest of their urban neighbors, they are far 
more numerous. In Santo Domingo, the 140,000 poorest households (under 300 pesoslmonth) collectively 
generate six times as much waste by weight as do the 28,000 wealthiest families (who have income over 
1,000 pesos).3g 

1.5 The Potential for Mixing Urban Residential Wastes 
With Other Fuels or Waste Streams 

One way to increase the efficiency of MSW combustion is to mix the refuse with a higher caloric valuelton 
fuel or waste stream. In the United States, much of the original impetus for Refuse-Derived Fuel (RDF) was to 
produce a fuel that could be co-fired with coal in existing utility power plant boilers. However, a range of 
mechanical and combustion problems (ash slagging, boiler tube corrosion, etc.) have limited the adoption of this 
technology. The lower caloric value of the RDF also reduces the energy production of the power plant. In 1995, 
there were only three U.S. utility installations that co-fire RDF with coal for power generation, with a total 
installed capacity of 564 MW.~' 

In addition to coal, mixing or co-firing residential MSW with higher energy content agricultural or 
industrial processing wastes will create a better fuel. This has been considered in a number of developing 
countries. The agro-industrial and industrial waste products most often mentioned are rice husks and sawdust. 
Co-firing of MSW with agricultural or industrial wastes offers several advantages. First, it raises the energy 
content of the residential wastes, creating a fuel more readily used as a feedstock for existing combustion 
technologies (since these are normally designed for the higher caloric value of MSW in industrial countries). For 
example, rice husks have a caloric value of 14,421-14,886 Mkg (6,2004,400 BTU/lb), double or triple the energy 
content of most LDC-MSW. While rice husks have particular combustion problems due to the high silica content 
of the resulting ash, systems for burning them are readily available in all the nations with a substantial rice 
indu~try.~' Sawdust, particularly from woodworking industries, has an even higher caloric value than rice hulls: 
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content of most LDC-MSW. While rice husks have particular combustion problems due to the high silica content 
of the resulting ash, systems for burning them are readily available in all the nations with a substantial rice 
industry.41 Sawdust, particularly from woodworking industries, has an even higher caloric value than rice hulls: 
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13,956-17,445 kJkg (6,000-7,500 BTUAb) and a lower moisture content, making it an ideal boiler Second, 
co-firing will reduce the volume of two waste streams headed for the landfill. It may also help create a large 
enough volume of total wastes to allow economies of scale and efficiency that neither the industrial complex or the 
urban waste district could achieve on its own. 

However, there are practical problems with integrating residential and industrial (particularly agro- 
processing) waste conversion to energy. Many agro-industrial complexes operate seasonally and are shut down for 
months of each year. This seasonal fluctuation makes it dmcult to size a joint residentiallindustrial combustion or 
anaerobic digestion operation. One option would be seasonal storage, building up supplies of industrial or agro- 
industrial wastes when the factories are operating and using these stored wastes in the off-season. However, the 
common wastes (sugarcane bagasse, rice hulls, sawdust from lumber and furniture operations) are bulky and 
sometimes subject to degradation if left piled outside. Waste transportation is another option. However, low-to- 
medium caloric value wastes cannot be transported very far before the cost of transport exceeds the value of the 
wastes for energy production. To be economical, the factory producing the waste stream must be located within a 
few miles of the planned urban waste combustion or anaerobic digestion system, preferably with the two sites being 
connected by a direct rail or barge route. 

In addition, some urban industrial wastes that appear to be ideal candidates for mixing with residential 
urban wastes may contain by-products that are major potential health risks if they are burned or landfilled. This is 
true of papermill wastes, colored paper from printing operations, tannery wastes, and a variety of combustible 
wastes from petrochemical complexes. These wastes often include heavy metals, toxic chemicals, dioxins, 
pesticides, and herbicides. Introducing these into a combustion system may cause serious health problems for those 
living downwind and for employees of the waste conversion site. Although some incineration technologies are 
designed to operate at very high temperatures, thereby thermally "cracking" and then destroying some toxic 
industrial by-products, there is no evidence that these technologies would continue to operate at these high 
temperatures if fed a mixture of wet, low-caloric value residential wastes and industrial by-products. 

1.6 Recycling and Disposing of Urban Solid Waste Streams 

One simple and effective means of reducing the amount of additions to landfills is to separate out valuable 
components of MSW and re-use or reprocess them before they are brought to the landfill site. This separation of 
the MSW stream and reuse of key components typically is referred to as "recycling." An effective recycling 
program can extend the life of an urban landfill, can generate revenue through the sale of valuable components that 
are separated out, and can reduce expenditure for fuel and labor for hauling MSW. Typical components of 
household MSW that can be easily recycled are aluminum and steel cans, newspaper, cardboard, and various 
plastics. 

Organized MSW separation and recycling has been implemented at drastically different rates in different 
parts of the industrialized world, based primarily on government policy and on the availability of inexpensive 
landfill sites. Table 1.5 below shows figures for the mid- and late-1980s for the United States, Japan and West 
Germany. As of 1987, recycling and WTE plants account for 45-73% of the total volume in Japan and West 
Germany but only 15% in the United States. Since the mid-1980s, there has been a steady increase in curbside 
recycling programs in the United States, stimulated by state and local laws that mandate such practices. Recent 
estimates of the level of recycling vary, but the consensus is that 9-12% of MSW by weight is currently separated 
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out and recycled prior to landfilling or combustion. A 12% diversion of MSW by weight to a recycling facility 
leads to a reduction of 9% in the volume put into 

In many industrialized countries, a national emphasis on source separation and recycling prior to MSW disposal is 
coupled with the construction of WTE combustion plants. In Sweden, for example, fully 50% of the paper is 
separated out and recycled, as are 75% of aluminum cans, 98% of glass, and 50% of all batteries. After this 
recycling, 55% of the remaining material is incinerated, 10% is composted, and 35% is landfil~ed.~ In Denmark, 
after recycling, more than 60% of the combustible wastes are burned in 40 waste-to-energy plants. These plants 
contribute 7-10% of Denmark's district heating needs. In addition, 25-35% of the 450,000 tons of bottom ash 
fiom the WTE facilities are used in cement and other low-tech applications rather than being land-filled.4' 

TABLE 1.5: THE DISPOSITION OF MSW I N  KEY INDUSTRIAL NATIONS~~ 

In the developing world, urban wastes are normally recycled or landfied. There are few good scientific 
estimates of what fraction of the MSW stream in LDC urban areas is recycled, primarily because the recycling is 
informal (although often highly organized) and occurs throughout the waste collection and disposal process. For 
cities as disparate as Nairobi and Bangkok, estimates indicate that 5-15% by weight of the MSW is removed fiom 
the waste stream by street-level pickers, municipal waste collection crews, and by landfill scavengers. These 
informal recyclers remove the most valuable fractions, which in Bangkok are (in descending order of value per 
kilogram): non-ferrous metals, glass bottles, hard plastics, soft plastics, iron scrap, and cardboa-d.47 With the 
exception of the metals, these are exactly the fractions that are highly combustible and provide additional caloric 
value to a WTE combustion system. 
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1.7 The Organization of Urban Waste Collection 

1.7.1 Trash and Garbage Removal Responsibilities 

In the United States, trash removal may be provided by a city government, a private contractor, or some 
mixture of the two. There is a long tradition in the U.S. of private waste haulers, who remove residential, 
commercial, and industrial wastes for a flat monthly fee (for residential and small commercial customers) or for 
unit charges based on the volume or weight of the trash that is removed. Landfills may also be publicly or 
privately operated, and they charge all those who bring trash to the site by the weight or volume of the trash they 
deposit. 

In many developing countries, trash collection is a governmental function related to improving health and 
sanitation. It is an important source of employment generation and patronage for city governments, but is not 
financially self-sustaining. Charges to residential customers are often nominal to encourage people to put their 
trash out for collection and not to just dump it into the street or nearby bodies of water. For example, in Bangkok 
until 1985 the charge for a small household was 4 baht or about $0.11 per month. This led to a chronic problem 
of lack of funding, so residential rates were increased by ten-fold in 1985, but still collection fees are far below the 

48 
285 bahtfhousehold that the city spends on refuse collection. 

Private collectors and scavengers are important to the waste collection process in many developing 
countries, either as collection contractors for the city authorities or as informal but highly organized waste 
recyclers. For example, 75% of the Metro Manila's waste hauling vehicles are privately operated, while in greater 
Bombay the figure is more than These haulers often separate and resell valuable components of the trash to 
supplement their income. Privatization of waste collection has been promoted in countries from India to Mexico as 
a means to increase efficiency and to expand coverage into unserved areas of the community. 

Khowledge of, and consideration of, the existing informal trash picking networks is important in 
designing and developing a WTE project in a developing country. Private scavengers and recyclers often remove 
much of the combustible material from the trash before it is collected, greatly reducing its energy content. This is 
often done with the collaboration of the local households, who may set out these components of the waste 
separately, and with the knowledge of the city garbage collectors. Any attempt to eliminate this waste picking (to 
increase energy content of the trash) must be coupled with a program that provides equal or better income for these 
trash picking groups. 

1. Z 2 Separation of Industrial and Hazardous Wastes 
for Special Disposal 

In most industrial countries, landfills are created that deal only with hazardous and toxic wastes. These 
special facilities have impermeable bases and multiple liners to prevent the wastes from migrating into local 
aquifers and into surface water. Industrial waste producers are normally required to treat or reprocess their 
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hazardous wastes on-site or to pay for having the wastes picked up by specially equipped and trained hazardous 
waste haulers. For example, a small printer or neighborhood drycleaner in the United States must have a private 
hauler pick up the waste inklsolvent or drycleaning fluid at his operation for a charge of $82-$500 a month," 
depending on the volume and exact composition of the wastes. The hauler commonly recycles the collected 
material or disposes of any that cannot be recycled in hazardous waste landfills. If the printer or drycleaner were 
to illegally dispose of these wastes in its trash or to dump them into the sewer, they could be shut down, fined, and 
the responsible parties possibly sent to prison for violating environmental regulations. 

Such recycling and specialized disposal for hazardous wastes does not exist in most developing countries. 
Many LDC industrial firms dispose of liquid and solid wastes by discharging them directly into nearby waterways, 
by dumping them near the factory, by burying them, or mixing them with their regular trash. Such wastes pose a 
major problem for WTE projects, regardless of the form of conversion. Waste facility operators have to insure that 
they are not receiving toxic or hazardous wastes as they design thermal combustion, anaerobic digestion, and 
industrial incinerators for developing country applications. 

1.8 Charges to Communities, Industries, and Individuals 
for Removal and Disposal of Urban Wastes 

Many U.S. WTE plants in the 1990s are being developed and financed by private firms, using funds 
borrowed from private investors or commercial lenders rather than raised by the community through bond issues or 
taxes. The cities that they serve do not have to make these substantial investments, and receive the added benefit 
that additions to local landfills are greatly reduced. These private facilities, often referred to as "merchant 
plants,"51 operate profitably by selling energy (in the form or electricity and process steam) and by charging 
dumping fees (generally per ton of waste delivered to the site). In most cases, the dumping fees are crucial to the 
economic viability of the project and are tied to the "tipping" fees charged by nearby landfills. In heavily 
populated areas in the Northeastern United States, for example, waste haulers have to pay $90-$150 per ton to 
dump trash and garbage at the closest landfills. The operator of a waste-to-energy facility can charge something 
slightly less than the going tipping fee (say $75/ton) and still be an economically attractive alternative for public or 
private waste haulers. The waste-to-energy operator also is able to sell the electricity generated, but this is of less 
financial importance than the dumping or tipping fees. Knowing the projected waste flow rates and power output 
projections, the plant operator can then make revenue stream projections which can be used to obtain private bank 
financing for the project. 

In the 1990s, the merchant plant concept has been expanded in a number of U.S. communities to include 
recycling, composting, and materials recovery facilities (MRF). By undertaking the planning of the WTE and 
MRF plants at the same time, each can be sized properly rather than competing for the same fraction of the waste 
stream (paper, plastics, etc). 

For example, a plant being designed by Foster Wheeler Power Systems for Montreal, Canada will include 
a 1,500 ton per day (TPD) WTE plant, a 1,000 TPD MRF, and a 200 TPD composting facility.52 

$0 
Figures are compliments of the Safety-Kleen Corporation, a major U.S. industrial and hazardous waste recyling firm. 
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This merchant system of financing and constructing WTE projects has worked well in the U.S. because of 
the existence in numerous locations of high tipping fees, long transportation distances to landfills, and high power 
generation costs. They are attractive to unserved cities, whether in the developed or developing world, because the 
waste-toenergy company has both expertise in the technology and access to private financing for the plant 
construction. However, not all of these favorable factors may be in existence in a developing country setting, 
which may alter the financial calculations. In particular, the systems used for waste collection and local practices 
of charging for waste disposal may be dramatically different, and should be carefully analyzed before trying to 
transfer industrial county practices to LDC urban areas. 

1.8.1 "Tipping" and Disposal Fees as a Means of 
Funding Urban WTE Conversion 

In many developing countries, the city or province that operates the landfills does not charge public or 
private dumpers to dispose of wastes. This free disposal option is still open to waste clean-up crews and private 
haulers, which makes it much more difficult for WTE facilities to charge the disposal fees that they need to be 
economically viable. This may, however, be a transient problem, since many developing countries are now moving 
toward sanitary landfills rather than open dumping. Usage charges are often instituted to cover the higher cost of 
creating and operating these facilities, and these fees will create incentives for waste-to-energy plants. Malaysia, 
for example, is moving toward regional sanitary landfills with leachate recirculation or treat~nent,'~ and this will 
require substantial new investments. 
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economically viable. This may, however, be a transient problem, since many developing countries are now moving 
toward sanitary landfills rather than open dumping. Usage charges are often instituted to cover the higher cost of 
creating and operating these facilities, and these fees will create incentives for waste-to-energy plants. Malaysia, 
for example, is moving toward regional sanitary landfills with leachate recirculation or treatment,53 and this will 
require substantial new investments. 

53 
Zaman Hurl Bin Zulkifli, "Improvement of Disposal Sites in Malaysia," Regional Development Dialogue, Vol. 14, No.3, Autumn 1993, pp. 171. 

174. 

34 

5( 



2.0 TECHNOLOGIES FOR CONVERTING 
URBAN WASTES TO ENERGY 

2.1 Thermal Combustion of Urban Wastes 

The controlled burning of municipal solid wastes in large centralized facilities is a well-established, 
relatively mature industry in Europe and Japan, while it has gone through a rapid expansion and then equally rapid 
slowdown in the United States in the 1980s and early 1990s. Although there are a number of different designs, the 
existing installations can be conveniently divided into several major categories. Municipal waste combustion 
(MWC) is the overall generic term for all systems that burn wastes, whether or not the waste is extensively pre- 
treated and whether or not any useful energy is recovered. MWC includes incinerator units, which simply burn the 
waste to get rid of it-normally not producing power, and refusederived fuel (RDF) processing, which convert 
municipal waste to a fuel that can be sold or used elsewhere as a boiler fuel. 

A subset of MWC plants are those that are designed to produce energy from the combustion of the MSW, 
the so-called Waste-to-Energy (WTE) facilities. It is these facilities that will be of principal interest to us in the 
remainder of this section. WTE facilities are generally divided into three major types: mass burn (which have a 
single combustion chamber and energy recovery); modular systems (which generally have a two-stage combustion 
system with energy recovery); and RDF, which processes the waste stream into a finished fuel that is then burned 
(often at another site) to produce process heat or electricity. 

MWC expanded very rapidly in the United States in the mid-1980s, first with construction of a number of 
smaller incinerator and modular systems and then with the construction of much larger mass burn systems 
throughout the country. The peak of optimism for WTE facilities in the United States was in 1988, when there 
were 139 plants in the conceptual or early planning stages and 368 WTE plants in various stages of planning, 
construction, or operation in the United ~ t a t e s . ~  By 1990, there were 128 operating WTE plants, plus 40 
incinerators operating in the United States. However, by 1990 concerns about issues ranging from plant siting, to 
growing capital costs, to the disposal of combustion bottom ash and fly ash led to the postponement or 
abandonment of many of the planned facilities. The number of WTE plants in the conceptual or early planning 
stages dropped to only 27 by 1992, and 77 such plants were canceled between 1991 and 1993." While there were 
many factors, rising construction costs (due primarily to stricter air pollution equipment requirements) and sharply 
higher costs for the disposal of ash have made the financial projections for many of these proposed plants 
untenable. Table 2.1 below provides a snapshot of the MWC plants operating in the United States as of 1992. 

54 
Eileen B. Berenyi and Robert N. Gould, "Municipal Waste Combustion in 1993," Waste Ape, November 1993, pg. 51. 

55 
Ibid. - 

3 5 

2.0 TECHNOLOGIES FOR CONVERTING 
URBAN WASTES TO ENERGY 

2.1 Thermal Combustion of Urban Wastes 

The controlled burning of municipal solid wastes in large centralized facilities is a well-established, 
relatively mature industry in Europe and Japan, while it has gone through a rapid expansion and then equally rapid 
slowdown in the United States in the 1 980s and early 1990s. Although there are a number of different designs, the 
existing installations can be conveniently divided into several major categories. Municipal waste combustion 
(MWC) is the overall generic term for all systems that burn wastes, whether or not the waste is extensively pre­
treated and whether or not any useful energy is recovered. MWC includes incinerator units, which simply burn the 
waste to get rid of it-normally not producing power, and refuse-derived fuel (RDF) processing, which convert 
municipal waste to a fuel that can be sold or used elsewhere as a boiler fuel. 

A subset ofMWC plants are those that are designed to produce energy from the combustion of the MSW, 
the so-called Waste-to-Energy (WTE) facilities. It is these facilities that will be of principal interest to us in the 
remainder of this section. WTE facilities are generally divided into three major types: mass burn (which have a 
single combustion chamber and energy recovery); modular systems (which generally have a two-stage combustion 
system with energy recovery); and RDF, which processes the waste stream into a finished fuel that is then burned 
(often at another site) to produce process heat or electricity. 

MWC expanded very rapidly in the United States in the mid-1980s, first with construction of a number of 
smaller incinerator and modular systems and then with the construction of much larger mass burn systems 
throughout the country. The peak of optimism for WTE facilities in the United States was in 1988, when there 
were 139 plants in the conceptual or early planning stages and 368 WTE plants in various stages of planning, 
construction, or operation in the United States.$4 By 1990, there were 128 operating WTE plants, plus 40 
incinerators operating in the United States. However, by 1990 concerns about issues ranging from plant siting, to 
growing capital costs, to the disposal of combustion bottom ash and fly ash led to the postponement or 
abandonment of many of the planned facilities. The number of WTE plants in the conceptual or early planning 
stages dropped to only 27 by 1992, and 77 such plants were canceled between 1991 and 1993.

55 
While there were 

many factors, rising construction costs (due primarily to stricter air pollution equipment requirements) and sharply 
higher costs for the disposal of ash have made the financial projections for many of these proposed plants 
untenable; Table 2.1 below provides a snapshot of the MWC plants operating in the United States as of 1992. 

$4 
Eileen B. Berenyi and Robert N. Gould, "Municipal Waste Combustion in 1993," Waste Age. November 1993, pg. Sl. 

35 



TABLE 2.1: U.S. OPERATING MUNICIPAL WASTE CONVERSION SYSTEMS, 1992 

2.1.1 The State of the Art in Europe, Japan, and North America 

Operating United States lMWC Plants by Technology, 1992~ 

After landfilling, WTE combustion has become the de facto standard approach for disposing of municipal 
solid waste in a number of industrialized countries with little additional landfill space, particularly in Scandinavia, 
Northern Europe, and Japan. In Denmark and Sweden, for example, more than 60% of MSW is burned in plants 
designed to have energy recovery, while in Switzerland the portion is over 70%.'~ These are countries with highly 
urban populations, strong recycling and waste separation traditions, a waste stream that is dominated by paper and 
plastics, and a lack of land for the construction of major new landfills. Japan has a similar but slightly different 
waste disposal tradition. About 73% of Japan's post-consumer waste is incinerated, 23% is landfilled, and 4% is 
composted. Two out of three of Japan's more than 3,200 cities have incinerators. Unlike the units in the United 
States, however, these tend to be relatively small units. Rather than producing electric power, as is frequently done 
in the United States (see Table 2. I), Japanese incinerators typically produce heat that is used for steam for heating 
swimming pools and greenho~ses.~~ 
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2.1. I. I Mass-Burn Power Plants 

As can be seen in Table 2.1, mass-burn facilities make up about one-third of the MWC plants installed 
and operating in the United States, but over one-half of the installed capacity. These systems are sold by major 
combustion equipment manufacturing and engineering firms, often using technology licensed from firms in 
Northern and Western Europe in the late 1970s and early 1980s, when concern over landfill availability and cost in 
the Unites States began to drive the interest in WTE plants. Mass-burn technology had been under development 
and construction in Europe for many years, and many of these proprietary systems were licensed by U.S. firms as a 
low-cost and rapid means for entering into this fast-growing market. 
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34 
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65 
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14 
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142 

The major advantage of a mass-burn facility over a landfill with landfill gas energy recovery is the amount 
of energy that it produces. A typical mass-burn plant, receiving high caloric value trash typical of the U.S. or 
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Technology No. of Operating Daily Design Annual Capacity 
Plants Capacity (TPD) (Millions of tons) 
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Northern and Western Europe in the late 1970s and early 1980s, when concern over landfill availability and cost in 
the Unites States began to drive the interest in WTE plants. Mass-burn technology had been under development 
and construction in Europe for many years, and many of these proprietary systems were licensed by U.S. firms as a 
low-cost and rapid means for entering into this fast-growing market. 

The major advantage of a mass-burn facility over a landfill with landfill gas energy recovery is the amount 
of energy that it produces. A typical mass-burn plant, receiving high caloric value trash typical of the U.S. or 
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Europe, produces four times more energy per ton of municipal waste than can be recovered from a well-designed 
landfill. However, it does have the disadvantage of producing significant amounts of air pollution, including heavy 
metal? released during the combustion process. The ash that results from the combustion still has to be disposed 
of, but the volume is only about 10% of that of the original MSW. 

Mass-burn facilities are generally the simplest in design of the WTE facilities, with a single combustion 
chamber that is generally used to raise steam to drive electrical generators and/or provide industrial process heat. 
While there was initial interest in systems just for steam production, most of the systems being completed or 
constructed in the United States in 1993 were built primarily for electric power generation. Mass-burn facilities 
may or may not have other resource recovery aspects, such as separation out of steel and aluminum cans, glass, and 
other valuable portions of the waste stream. Mass-burn facilities are normally constructed on-site by specialized 
fabricator firms or by the firms providing a turn-key plant. Most U.S., European, and Japanese mass-burn systems 
use some type of sloped, moving grate that moves the MSW through carefully designed drying and combustion 
stages. Combustion air is generally provided underneath the moving grates, with secondary air as needed provided 
above the grates. Figure 2.1 shows a cross-section of a modern mass-burn facility. 

59 
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FIGURE 2.1: CROSS SECTION OF MODERN MASS-BURN FACILITY 
(Source: Ministry of Environment, Government of Singapore) 
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Virtually all of the mass-burn plants operating in the United States use waterwall boilers. The hot 
combustion gases are drawn through a chamber lined with water-filled tubes designed to generate high-pressure 
steam. The operating pressure for most U.S. mass-burn plants is 41-45 bars (600-650 pounds/square inch or psi), 
although very large plants may employ operating steam pressures as high as 61 bars (900 psi). Output steam 
temperatures are in the range of 370450" C. (700440" F . ) ~  and in the United States the steam is generally used 
for power generation. 

In Europe, and in certain parts of the United States, mass-burn plants are commonly used to provide space 
and water heating rather than power generation. In such systems, relatively low pressure (15-20 bars or 217-290 
psi) steam is piped from the central boiler to the complex of buildings tied into the district heating system. 

The mean daily design capacity for a mass-burn facility in the United States today is 945 TPD, which 
makes it extremely large by developing country standards, with an average capital cost of over $100 million each.61 
The two mass-bum plants under construction in the United States at the end of 1992 averaged aver 1,500 TPD 
capacity and will probably cost over $150 million when completed. 

2.1.1.2 Smaller Rotary Kiln Units 

While many of the WTE units being built today in the United States are large units which provide power 
or district heating for major metropolitan areas, a number of the European and one or two U.S. manufacturers 
developed their technologies for smaller, more decentralized markets. They designed, built, and operated systems 
that burned wastes using a rotating container to insure uniform sizing and prevent the build-up of slag and other 
post-combustion problems for mass-burn units. 

In the case of the U.S.-based Westinghouse O'Connor rotary combustor, the walls of the rotating 
combustion chamber are water-cooled, and used to produce steam for power generation. The great advantage of 
rotary combustion systems is that they can burn relatively high-moisture content wastes. As the waste enters the 
chamber, it is heated and dried by combustion gases rising from the bottom end of the inclined rotating chamber. 
MSW or other wastes with a moisture content as high as 65% can be used without major problems. A schematic 
diagram of a typical Westinghouse O'Connor rotary combustor system are provided below in Figure 2.2. 
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FIGURE 2.2: A FLOW DIAGRAM FOR WASTE-TO-ENERGY ROTARY COMBUSTOR UNIT 

Westinghouse Rotary Combustor System 

2.1.1.3 Incinerator Systenzs 

Incinerator units, as was alluded to earlier, burn waste products to reduce the amount of wastes being 
landlilled. There can be up to a 90% volume reduction, depending on the feedstocks, the temperatures inside the 
incinerator, and other variables. The trend in the United States has been away from incineration and toward WTE 
facilities. The 34 incinerators operating in the United States in 1992 had an average capacity of only 200 TPD (see 
Table 2. l), compared with the 1,000 or more TPD capacities for mass-burn systems under construction in the 
United States in the current decade. Most of these systems were put into operation in the United States in the 
period 1965-1978, prior to the major energy crises and prior to the passage of the 1978 legislation6' that required 
electric utilities to buy electric power from non-utility generators in their service territory at the utility's avoided 
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2.1.1.3 Incinerator Systems 

Incinerator units, as was alluded to earlier, burn waste products to reduce the amount of wastes being 
landfilled. There can be up to a 90% volume reduction, depending on the feedstocks, the temperatures inside the 
incinerator, and other variables. The trend in the United States has been away from incineration and toward WTE 
facilities. The 34 incinerators operating in the United States in 1992 had an average capacity of only 200 TPD (see 
Table 2.1), compared with the 1,000 or more TPD capacities for mass-burn systems under construction in the 
United States in the current decade. Most of these systems were put into operation in the United States in the 
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cost of power generation. After 1980, most U.S. MSW combustion facilities produced either electric power or RDF 
for sale to local electric utilities or industrial customers. 

2.1. I .  4 Resource Recovery Plants and Refise-Derived Fuels 

There are currently more than 30 RDF plants or RDF processing plants currently operating in the United 
States, with a total installed capacity of 3 1,000 tons per day (TPD). Many of these U.S. plants were built in the 
period 1981-1990. RDF plants typically process incoming MSW to shred it and then mechanically separate out 
metals, glass, and other non-combustible fractions of the waste stream, leaving just the shredded combustible 
portion of the waste. Figure 2.3 shows a diagram of the various components of a typical RDF plant. The RDF 
from such a plant is a valuable fuel, typically a mixture of shredded newspaper, cardboard, paper, and plastics (plus 
some organic material such as yard wastes). In the United States, RDF commonly has a caloric value of 13,956- 
17,445 kJkg (6,000-7,500 BTU/lb). For comparison purposes, U.S. sub-bituminous coal typically contains 
19,30626,749 kJkg (8,300-11,500 BTUflb). 

RDF plants use a number of mechanical processes (flail mills, rotating screens, air blowers, etc.) to shred 
and separate out components of the incoming MSW. This processing requires substantial amount of electrical 
energy. The World Bank estimates that 70-90 kWh of electricity is required to process one ton of MSW into RDF, 
with another 100-120 kWh required for the drying of the incoming f ~ e l . ~ )  

In RDF plants in the United States, because of the solvents and other chemicals routinely disposed of in 
MSW, there is always a possibility of explosions and fires in the mechanical shredding and separation process. 
New equipment developments have minimized the threat, but it is still a major design consideration in the creation 
of a RDF processing plant. 

When RDF plants were originally developed in the United States, the plan was to produce a fuel that 
could be co-fired in the existing boilers of electric utility power plants. However, operational and maintenance 
problems from some components of the RDF led to a change in strategy toward the creation of power plants 
designed specifically for the combustion of RDF. In the United States, these facilities tend to be quite large, with 
the capacity to process 2,000-3,000 tons per day and with electrical generation capacity of 50-75 MW. These 
plants typically employ water-tube boilers or fluidized-bed combustors to produce steam for power production. 

The production of RDF is more problematic in locations where there is already effective source separation 
of paper and plastic. This includes most of continental Europe, as well as Japan. In these locations, much of 
volatile portions of the MSW are collected and recycled separately and never enter the MSW stream. 

One option may be to mix RDF with other waste streams, such as agricultural residues, and then gasify 
the resulting mixture to produce process heat and possibly electricity. A large-scale experimental gasification plant 
has been successfully operated in Chianti, Italy, using sorghum bagasse andfor RDF to provide low-caloric value 
gas to a large cement kiln. It is planned to increase capacity to 40 MW thermal and 6.7 MW of electric power.M 

2.1.1.5 Furnaces for Burning Dewatered Sewage Sludge 

Very large sewage treatment plants produce huge quantities of sludge during the wastewater treatment 
process. Even when dewatered, this treated sludge still has too great a moisture content to be an attractive fuel. 
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metals, glass, and other non-combustible fractions of the waste stream, leaving just the shredded combustible 
portion of the waste. Figure 2.3 shows a diagram of the various components of a typical RDF plant. The RDF 
from such a plant is a valuable fuel, typically a mixture of shredded newspaper, cardboard, paper, and plastics (Plus 
some organic material such as yard wastes). In the United States, RDF commonly has a caloric value of 13,956-
17,445 kJ/kg (6,000-7,500 BTU/lb). For comparison purposes, U.S. sub-bituminous coal typically contains 
19,306-26,749 kJ/kg (8,300-11,500 BTU/lb). 

RDF plants use a number of mechanical processes (flail mills, rotating screens, air blowers, etc.) to shred 
and separate out components of the incoming MSW. This processing requires substantial amount of electrical 
energy. The World Bank estimates that 70-90 kWh of electricity is required to process one ton ofMSW into RDF, 
with another 100-120 kWh required for the drying of the incoming fue1.
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In RDF plants in the United States, because of the solvents and other chemicals routinely disposed of in 
MSW, there is always a possibility of explosions and fires in the mechanical shredding and separation process. 
New equipment developments have minimized the threat, but it is still a major design consideration in the creation 
of a RDF processing plant. 

When RDF plants were originally developed in the United States, the plan was to produce a fuel that 
could be co-fired in the existing boilers of electric utility power plants. However, operational and maintenance 
problems from some components of the RDF led to a change in strategy toward the creation of power plants 
designed specifically for the combustion ofRDF. In the United States, these facilities tend to be quite large, with 
the capacity to process 2,000-3,000 tons per day and with electrical generation capacity of 50-75 MW. These 
plants typically employ water-tube boilers or fluidized-bed combustors to produce steam for power production. 

The production ofRDF is more problematic in locations where there is already effective source separation 
of paper and plastic. This includes most of continental Europe, as well as Japan. In these locations, much of 
volatile portions of the MSW are collected and recycled separately and never enter the MSW stream. 

One option may be to mix RDF with other waste streams, such as agricultural residues, and then gasify 
the resulting mixture to produce process heat and possibly electricity. A large-scale experimental gasification plant 
has been successfully operated in Chianti, Italy, using sorghum bagasse andlor RDF to provide low-caloric value 
gas to a large cement kiln. It is planned to increase capacity to 40 MW thermal and 6.7 MW of electric power.64 

2.1.1.5 Furnacesfor Burning Dewatered Sewage Sludge 

Very large sewage treatment plants produce huge quantities of sludge during the wastewater treatment 
process. Even when dewatered, this treated sludge still has too great a moisture content to be an attractive fuel. 
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However, additional dryers can be added that can reduce the moisture content to 5% or less. This "biosolid" can 
then be burned in any number of combustion systems, producing steam to drive power turbines. 

The city of Los Angeles at its Hyperion Treatment Plant transforms 490 dry tons per day of raw biosolids 
into 250 tons per day of digested, dewatered biosolids. These dewatered solids are then further dried in indirect 
dryers and then fed as a powder into multiple hearth furnaces using fluidized bed combustors. This produces high 
pressure steam, which is then used to drive a 15 MW condensing steam turbine/generator.65 

2.1.2 Special Problems of Heavy Metals, Toxins, and 
Industrial Wastes in Developing Counhy Applications 

In most locations in the United States, Europe, and Japan, the dumping of heavy metals, pesticides, toxic 
wastes, and industrial chemicals is closely monitored by local, state and federal environmental pollution agencies. 
These materials are normally collected separately, by specially licensed hazardous materials firms or agencies, and 
disposed of in separate hazardous materials landfills or burned in special high temperature industrial incinerators 
that break down complex hydrocarbons and burn the constituent elements. Therefore, dealing with large amounts 
of toxic or hazardous materials is not a normal design issue for MSW thermal combustion systems. 

However, in many developing countries there is little practical separation between residential, 
commercial, and industrial wastes. It is all picked up by the same organizations and taken to the same landfills. 
Industrial by-products such as inks containing lead, mercury, chromium, zinc, and a variety of heavy metals could 
easily be mixed into a shipment of waste paper. Partially used bottles of pesticides and herbicides are commonly 
deposited in waste containers. Electrical transformers containing PCBs are still available in much of the 
developing world, and malfimctioning units can be tossed into the trash collection. Used lead-acid vehicle batteries 
are ubiquitous in many locations. 

This intermingling of wastes is a major issue if one is to put in a thermal combustion system for burning 
MSW. These toxic materials are not captured by basic pollution abatement systems, and are either released 
through the plant's smokestack, where they are likely to cause serious health problems to people living downwind, 
or will end up in concentrated form in the clinker and ash that remains after the combustion process. 

2.1.3 The Issue of Inert Matter in the Waste Stream 

Most commercially available mass-burn, modular systems, incineration or rotary kiln units, and resource 
recovery plants have been developed for industrial country markets. As we noted earlier, developed country 
residential and even commercial waste has a high caloric value and a relatively low weightlunit volume. In most 
of Asia, and in poorer areas throughout the developing world, urban wastes contain a high fraction of "inert" 
material --dirt, rocks, sand, dust etc.-which is added by street or household sweeping and cleaning. In Table 1.1, 
we can see that Indian residential wastes is 38% ash or soil, as well as another 6% of an unspecified non- 
combustible fraction. Similarly, Peruvian urban residential waste is nearly one-third inert material, while waste in 
El Salvador is over one-fourth such material. 

There are a number of technical "fixes" for this problem: for example, the incoming MSW can be 
mechanically sorted or hand screened to remove the inert material or this can be done by the household at the time 
it is put out for collection. Wastes can be collected only from wealthier neighborhoods, which tend to have a high 
fraction of combustible materials, or residential and commercial wastes can be mixed together. However, the 
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problem of the low caloric content of the waste stream, due to the inert material and the high fraction of food 
wastes, will mean that a great deal more waste will need to be handled to generate a unit of energy than would be 
true in the United States or England. The case study below of the T i w  waste incineration installation in New 
Delhi well illustrates this problem. 

2.2 Landfill Gas Utilization 

2.2.1 Principles and Operating Conditions 

The constituents of a sanitary landfill undergo decomposition at slow rates under anaerobic conditions. 
Under these anaerobic conditions, methane gas is produced. The creation and buildup of methane in landfills is a 
continuous problem for MSW managers, since methane is both poisonous and combustible. Several major LDC 
urban landfills have been burning continuously for years, fed in part by landfill gas (LFG) that is seeping out 
through the surface. 

However, this LEG can also be seen as an opportunity. LEG can be systematically withdrawn from the 
landfill and used as space heating, boiler fuel, or for small-scale power generation. Recently closed landfills will 
produce methane gas at highest rates in the first 5-20 years after waste placement, and then on a diminishing basis 
for roughly another 30 years. The gas volumes range widely, from 1.1-6.8 m3 (40-240 @)&ear per ton of dry 
waste,M depending on the waste materials and the way the landfill was built. Over the course of the 10-20 year 
lifetime of a LFG project, a landfill normally will produce 55-100 m3 (2,000-3,600 ft3) of methane per ton of dry 
waste. 

The normal landfill gas utilization program involves the sinking of large (0.6-1.0 m diameter) "wells" or 
vertical gravel packed pipes that reach down 90% of the depth of the landfill and that contain perforated pipes. 
These wells are distributed throughout the landfill area (see Figure 2.3 below). The vertical pipes are attached to a 
gas-gathering system, and a partial vacuum is applied to the entire system by the use of blowers. Due to the 
pressure differential, landfill gas migrates within the landfill to the collection pipes and is drawn to a central 
collection point. There it can be fed into a modified diesel or natural gas engine, where it is burned to produce 
heat and/or electricity, or it can be upgraded to pipeline quality and put into an existing distribution system. 

LEG is a low-to-medium caloric value fuel, whose heating value and flow may vary on a daily and 
seasonal basis. Generally, it has less energy content per unit volume than the biogas produced in anaerobic 
digestion. This is due to the higher inert gas content of landfill gas. Landfill gas normally contains 40 to 50% 
methane, 30 to 40% carbon dioxide, 10 to 20% nitrogen, less than 1% oxygen, and traces of other constituents 
such as hydrogen s~lfide.~' The energy content of the gas can vary from 7,450-22,351 kJ/m3 (200-600 BTU/@). 
while that of natural gas is relatively constant at approximately 37,250 k.T/m3 (1000 B T U / ~ ~ ~ ) .  Landfill gas can also 
have substantial moisture content, being saturated with water vapor as it is recovered from wells at fairly high 
temperatures (30-50" C). Removing the moisture and most of the inert gases (carbon dioxide and nitrogen) can 
upgrade the gas to 22,350-26,075 ld/m3 (600-700 ~ T l J / f t ~ ) , ~  which makes it more suitable for use as a fuel in a 
modified internal combustion or diesel engine. If desired, the landfill gas can be compressed and virtually all of 
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collection point. There it can be fed into a modified diesel or natural gas engine, where it is burned to produce 
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seasonal basis. Generally, it has less energy content per unit volume than the biogas produced in anaerobic 
digestion. This is due to the higher inert gas content of landfill gas. Landfill gas normally contains 40 to 50% 
methane, 30 to 40% carbon dioxide, 10 to 20% nitrogen, less than 1% oxygen, and traces of other constituents 
such as hydrogen sulfide.
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the non-methane gas can be removed by conventional gas stripping techniques, yielding 1,000-1,055 M (950- 
1,000 BTU) methane for a nearby customer or pipeline.69 

FIGURE 2.3: SCHEMATIC OF LANDFILL GAS PRODUCTION FACILITY 
(Source: LANDTEC, Commerce, CA) 
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2.2.2 Compatibility with Neighbors and Residents of 
Developing Country Landfills 

Unlike landfills in the United States and Europe, urban landfills in developing countries typically have 
permanent populations that live in or near the dump site. They are commonly refuse pickers, who make their 
living by searching through in-coming garbage shipments for recyclable materials (such as auto tires, glass, 
cardboard, and metal) and discarded objects that can be reused. In many urban areas, large permanent 
communities have grown up on top of the burgeoning landfills, and they in turn supply raw materials to numerous 
nearby small recycling plants. 
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The existence of these communities, particularly if they are long-standing and well-organized, can make 
the process of developing and operating a landfill gas plant more complex. This informal or squatter community 
may have to be moved-perhaps relocated to better nearby housing before the gas extraction pipes and gas 
gathering systems can be installed in the landfill. In addition, if the landfill gas is to be fed to one or more engines 
that in turn produce electricity, the constant noise of the engines may prove to be a major issue with the local 
community unless the engines are located in an enclosed facility and equipped with sound muffling. The presence 
of a substantial local community working on the landfill site will also make more complex the process of protecting 
against gas leaks or inadvertent damage to the gas gathering system. On the other hand, gas extraction can also 
control methane migration and reduce gas related risks such as explosions to neighboring populations. 

2.2.3 Space Heating and Cooling 
By the mid and late 1980s, landfill gas had become a common fuel in Europe for district heating systems, 

which in turn provide steam and hot water via underground pipes for heating office buildings and apartment 
buildings. Such systems have only found limited application in the United States, since landfills are often located 
far from urban cores, but the University of California at Los Angeles does use approximately 113,000 m3 
(4 million cubic feet) of landfill gas each day to heat boilers for space heating. This landfill gas is carried from an 
Air Products, Inc (formerly GSF Energy Inc.) LFG facility by way of an 8.8 kilometer (5.5 mile) pipeline. The use 
of the landfill gas saves the university approximately $250,000 per year in fuel expenditures.70 

2.2.4 Industrial Process Heat 

Outside of the United States (where LFG gas is primarily used as fuel for small power plants), the most 
common LFG applications in industrial countries has been for industrial process heat. LFG has been used 
successfully in the United Kingdom, the Netherlands, Canada, and other locations as a process heat fuel for 
brickmaking or cement kiln firing. For example, in Stewartby (Bedford), England, the London Brick Landfill Ltd. 
uses 250 m3 of landfill gas per hour to fire five brick kilns producing 500,000 bricks per week. In Richmond, 
British Columbia, Canada, a large LFG operation provides 1200 m3 of gas per hour for a Lafarge cement plant. 
The LFG is co-fired with coal and with waste carbon from an oil refinery, and provides 15% of the energy needs of 
the plant. 

2.2.5 Electricity Generation Options 

There are four basic options for generating electricity from landfill gas: Using the gas: 

to fire a boiler, which in turn creates steam that drives a turbine; 

directly as a fuel in a moditied natural gas turbine; 

directly as fuel in a modified natural gas-fired reciprocating enginelgenerator set; 
and 

as a fuel to operate a specially prepared diesel generator set. 

Which of these options is chosen at a particular landfill is normally a function of four variables: the size 
of the landfill gathering system (and therefore of the gas stream); the gas methane and contaminant content; the 
local availability of natural gas-fired engine generator sets; and the comparative prices of these generating options. 
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In the United States, where large natural gas-fired engine generator sets and natural gas-fired turbines are 
readily available (because of their use in oiVnatural gas operations and for electrical utility peak demand 
generation), landfill gas operations will commonly use several such modular generator sets in parallel to produce 
power to be sold to the electrical grid. For example, for the past nine years Pacific Lighting Energy Systems has 
operated five 1,977 kW, 16cylinder Cooper gas engines in its power plant at the Penrose sanitary landfill in Sun 
Valley, California. Drawing on gas not only from this landfill but from two others nearby, this facility produces 
9.4 MW peak which is sold to the Southern California Edison electric grid.71 

Power generator sets designed for oil field use have a major advantage of being designed to operate on gas 
with higher levels of impurity (i.e., less than pipeline quality), which means that little or no gas cleaning or 
dewatering system is required before the gas is fed into the engine. Some of these generator sets are also designed 
for outdoor operation and are skid-mounted, so that they can be readily transferred to another site. 

Steam boiler generator sets are rarely used for landfill operations, since they have a higher initial capital 
costs than reciprocating engines and will require a permanent powerhouse building. Burner jets and nozzle will 
normally be modified for the input gas energy content. Minor impurities in the landfill gas will not greatly affect 
the electricity output, although by-products of LFG impurity combustion (hydrogen chloride) can cause accelerated 
corrosion of water tubes and other boiler components. 

In many developing countries, diesel engine generator sets are much cheaper, easier to maintain and 
repair, and more readily available than those powered by natural gas engines or small steam boilers. However, to 
operate on landfill gas, a diesel engine must be extensively modifled. It will need to have some form of spark 
ignition added (since the engine compression alone is not enough to ignite the landfill gas), or it will have to set up 
to operate on dual fuels. In many cases, the diesel engine will be started and brought to operating temperature on 
diesel fuel, at which point it will be switched over to landfill gas by means of a set of retrofitted fuel injectors. 

2.2.6 Recent LandJill Gas fiperience 
in the Industrial World 

Landfill gas utilization has become a wmmercial source of energy in United States, England, and to a 
lesser extent in other major industrial wuntries in the past two decades. The first commercial landfill gas facility 
in the United States was built in 1975 at the Palos Verdes landfill in California. In the United States, l a n w  gas 
plants are located primarily at very large sanitary landfills and produce electricity which is sold to the local electric 
grid. A September 1993 Waste Age survey located 139 such projects in the U.S., with installed electrical 
generation capacity of approximately 400 MW and growing rapidly. The U.S. Environmental Protection Agency 
estimated in 1991 that 87 large landfiis projected to be built in the U.S. between 1992 and 1997 would include 
systems to collect and combust landfill gas.72 By mid-1995, a prominent industry analyst estimated landfill gas 
installed capacity to be nearly 645 MW .73 Most of these projects are quite small, when compared to traditional 
utility power plants, with the vast majority being in the range of 1-5 MW . In the United States, these small 
projects tend to be developed by specialized landfill gas developers or large integrated waste service fm. The 
capital investment cost per project is often modest, typically under $5 mil~ion.~' There are also a few projects that 
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In the United States, where large natural gas-fired engine generator sets and natural gas-fired turbines are 
readily available (because of their use in oil/natural gas operations and for electrical utility peak demand 
generation), landfill gas operations will commonly use several such modular generator sets in parallel to produce 
power to be sold to the electrical grid. For example, for the past nine years Pacific Lighting Energy Systems has 
operated five 1,977 kW, 16-cylinder Cooper gas engines in its power plant at the Penrose sanitary landfill in Sun 
Valley, California. Drawing on gas not only from this landfill but from two others nearby, this facility produces 
9.4 MW peak which is sold to the Southern California Edison electric grid.
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Power generator sets designed for oil field use have a major advantage of being designed to operate on gas 
with higher levels of impurity (i.e., less than pipeline quality), which means that little or no gas cleaning or 
dewatering system is required before the gas is fed into the engine. Some of these generator sets are also designed 
for outdoor operation and are skid-mounted, so that they can be. readily transferred to another site. 

Steam boiler generator sets are rarely used for landfill operations, since they have a higher initial capital 
costs than reciprocating engines and will require a permanent powerhouse building. Burner jets and nozzle will 
normally be modified for the input gas energy content. Minor impurities in the landfill gas will not greatly affect 
the electricity output, although by-products ofLFG impurity combustion (hydrogen chloride) can cause accelerated 
corrosion of water tubes and other boiler components. 

In many developing countries, diesel engine generator sets are much cheaper, easier to maintain and 
repair, and more readily available than those powered by natural gas engines or small steam boilers. However, to 
operate on landfill gas, a diesel engine must be extensively modified. It will need to have some form of spark 
ignition added (since the engine compression alone is not enough to ignite the landfill gas), or it will have to set up 
to operate on dual fuels. In many cases, the diesel engine will be started and brought to operating temperature on 
diesel fuel, at which point it will be switched over to landfill gas by means of a set of retrofitted fuel injectors. 

2.2.6 Recent Landfill Gas Experience 
in the Industrial World 

Landfill gas utilization has become a commercial source of energy in United States, England, and to a 
lesser extent in other major industrial countries in the past two decades. The first commercial landfill gas facility 
in the United States was built in 1975 at the Palos Verdes landfill in California. In the United States, landfill gas 
plants are located primarily at very large sanitary landfills and produce electricity which is sold to the local electric 
grid. A September 1993 Waste Age survey located 139 such projects in the U.S., with installed electrical 
generation capacity of approximately 400 MW and growing rapidly. The U.S. Environmental Protection Agency 
estimated in 1991 that 87 large landfills projected to be built in the U.S. between 1992 and 1997 would include 
systems to collect and combust landfill gas.
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installed capacity to be nearly 645 MW .73 Most of these projects are quite small, when compared to traditional 
utility power plants, with the vast majority being in the range of 1-5 MW. In the United States, these small 
projects tend to be developed by specialized landfill gas developers or large integrated waste service firms. The 
capital investment cost per project is often modest, typically under $5 million.
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upgrade the gas to pipeline quality by stripping away the carbon dioxide and other gases, leaving a mostly methane 
gas stream with an energy value of 36,505 kJ/m3 (980 ~TUlf t~ ) .  While a number of these high caloric value gas 
projects were proposed at landfills in the United States in the mid-1980~~ by 1994 they accounted for only 4% of 
landfill gas projects. This has been due primarily to the high cost of gas cleanup and to the declining price of 
natural gas in the United ~tates.'~ 

When the landfill gas systems installed in the United States are sorted by size, we find that there are 
eleven large projects and one massive project that together account for 48% of the total U.S. power output from 
landfill gas installations. The largest U.S. project is located in Whittier, California, and is operated by the Los 
Angeles Sanitation Districts. It has a nameplate electricity generation capacity of 50 MW and uses as fuel 
877 thousand m3 per day of low quality (14,900 kJ/m3) landfill gas. 

Eight of these large U.S. installations are in California, mostly concentrated in the Los Angeles area. 
This is due in large measure to the massive size and depth of the landfills in this area. The Penrose landfill, which 
houses the Pacific Lighting Energy Systems power plant already described, has an average depth of more than 
61 m, covers 29 ha, and holds more than 13 million tons of refuse. 

Experience in the 1980s in United Kingdom, Canada, and the Netherlands with LFG as a source of 
industrial process heat have already been discussed in Section 2.2.4. More recently, a national program in the 
United ~ingdom to expand the use of renewable sources of energy, combined with growing pressure on landfills, 
has contributed to a surge in interest in landfill gas utilization projects. In November 1991, the renewable energy 
order awarded 28 contracts totaling 48 MW for landfill gas projects. Already, three 275 kW reciprocating engines 
burning landfill gas have been installed at a site in Stewartby. BFI has installed at its Packington landfill site a 
3.65 MW gas turbine burning landfill gas. There are several other similar sized projects that have been approved 
in the 3-5 MW range.76 

2.2.7 Landfll Gas as a Revenue Opportunity for Municipalities 

For major urban areas, with large and well-established sanitary landfills, the development of a major 
landfill gas operation may offset the costs of gas control or even be a substantial income source, providing that a 
commercial outlet for the gas can be found. In the United States, it has been common for private firms to develop 
the gas gathering, upgrading, and distribution system and sometimes to pay a royalty to the city for the gas 
extracted. 

Such a practice in a developing country would require several prerequisites: 

a large established landfill which has sufficient garbage volume and depth to make 
the landfill gas recovery process worthwhile; 

local laws that allow a private developer, in conjunction with the waste collection 
authority, to sell the gas to a utility or private firm or to generate electricity under 
long-term rates that allow for a recovery of the capital investment, operating 
expenses, and profit margin; 

a local market for the gas produced at a price considered attractive by the developer; 
and 
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guarantees that the developer will be able to receive a predetermined price for the 
gas production for the life of the project, in exchange for the royalty payment. 

2.3 Urban Waste Bioreactor Landfills 

One extremely promising development in landfill design and management that appears to have wide- 
spread application to the developing world is the "bioreactor" or "controlled landfill." In some cases, the 
bioreactor is referred to as "anaerobic composting." A bioreactor is basically a sanitary landfill designed to 
optimize conditions for bioconversion of waste components to methane. This often involves constant leachate 
recycling. A bioreactor landfill is typically designed to be divided into cells andlor modules. Each cell might be 
designed to hold 250,000-1,000,000 tons of urban waste and would normally be provided with a system to 
efficiently collect all leachate (the liquid fraction that has percolated through the waste) at the base of the cell. 
Collected leachate may be pumped back up to the surface and distributed across the top of the waste pile. This 
leachate recycling serves two important functions. First, capturing the leachate (which normally has an extremely 
high BOD and  COD^' content) prevents it from contaminating nearby soil, aquifers, and surface water. Second, 
the recycled leachate keeps the wastes moist and provides bacteria with necessary nutrients. This transforms the 
landtill from a dry condition very unfavorable for methane generation to what is, in essence, an extremely high 
solids anaerobic digester. 

Bioreactor landfills have several characteristics which make them very attractive to urban solid waste 
planners. First, they pose much less danger to aquifers and drinking water supplies, because the leachate is 
captured and recycled. As this leachate passes through the decomposing waste pile, much of its soluble organic 
fraction is consumed by the bacteria in the landfill. Within 18-36 months, the BOD of the leachate drops from 
10,000 to less than 1,000, and the COD will fall similarly. At these low levels, this leachate can then be disposed 
of into the regular urban sewage system. 

Second, the high level of microbial activity speeds waste decomposition, causing a rapid reduction in the 
volume of the waste in that cell, and accelerates methane production. Brazilian bioreactor landfill operators report 
that within 2-3 years, the volatile organic fraction in their bioreactor cells drop from more than 50% to less than 
2%.78 This characteristic is particularly important in developing countries, where typically there are very high 
fractions of food and other organic fractions in residential and market urban waste streams. Third, the rapid 
bacterial action and the resulting high temperatures lead to a very rapid biostabilization of the landfill compared to 
a conventional operation. Instead of having to wait 20,50, or more years for decomposition of the material in the 
landfill, well-designed bioreactors are expected (based on pilot tests) to achieve most of anticipated decomposition 
in under ten years. At that time, the cells in a module can be emptied, the remaining stabilized material screened 
and used for various applications, and the cell refilled with fresh garbage. This anaerobic composting can result in 
the requirement for a much smaller landfill, and produces stabilized by-products that can be used to generate 
revenue as well. 

One side benefit of the bioreactor landfill design is much higher landfill gas production. A typical U.S. 
landfill gas project, in which there is no leachate recycling and in which the gas collection system is retrofitted 
onto a traditional sanitary landfill, yields 4-5 cubic meters of landfill gas/year/dry ton of waste for a period of 10- 
20 years. In contrast, a well-designed bioreactor test cell has been shown to produce gas at 2-5 times a 

, I  

BOD stands for Biological Oxygen Demand, while COD is an abbreviation for Chemical Oxygen Demand. These are the two standard measures 
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water or for subsurface injection set maximum allowable BOD and COD levels. 
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conventional landtill. This high level of gas production may be particularly important for developing country 
urban areas, where new bioreactor landfills could be designed to provide landfill gas for power generation, for 
district heating, or for industrial boiler fuel. 

2.3.1 US. Experience 

There have been a number of laboratory and pilot studies of bioreactor design concepts aver the past 
15 years. Some focused on increasing moisture and other necessary components to optimal levels at the start of 
operations in order to insure rapid initiation of methane production.7g The first field-testing of this concept was at 
Mountain View, California from 1980-1986 with a cell of 30,000 tons of waste. This resulted in a two- to five-fold 
increase in methane production compared to conventional landfill operations in the same area." Another test of 
the concept is underway in Brogborough in the'United Kingdom and a third has been initiated, using 20,000 tons 
of waste at a site near Davis, California. 

A second approach has focused on leachate recycling to increase and optimize waste moisture. This 
strategy is based on analysis developed by pohlandel and his colleagues, as well as by scientists of the Delaware 
Solid Waste Authority. This approach is being tested in pilot cells at Sandtown, Delaware. One test cell there of 
11,000 tons of waste is employing leachate recycling, and it is being compared to a control cell without leachate 
recycle. Initial results show a substantial reduction in contaminants and an accelerated recovery in the cell with 
the leachate recycle. 

When the bioreactor concept was first proposed, there was initial concern among environmental 
protection officers over a range of issues, including whether or not pathogen levels and pollutants would be 
sufficiently reduced in such a short period of time to whether or not there would be contamination of the remaining 
solid residues with heavy metals. Field tests in Delaware and elsewhere have shown the bioreactor design to be 
highly effective in reducing leachate contaminants. The U.S. Environmental Protection Agency is now sponsoring 
bioreactor landfill research and is running training programs on the technology for interested urban waste disposal 
professionals. 

2.4 Anaerobic Digestion 

~naerobic" digestion is a process that occurs when a microbial population develops which carries out 
methane generation from vegetable or animal organic feeds (often referred to as the "substrate") in a vessel 
(referred to as a digester) that excludes air. The required bacteria can be present in the raw waste material itself, as 
in the case with human excrement or animal manure, or it can be introduced when the digester is first set up. The 
process can be sensitive to upsets, which may occur for a variety of reasons including changes in temperature, 
nutrient levels, feedstock variations, and contaminants. 
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oxygen is excluded. The introduction of oxygen normally will kill these bacteria and cause other oxygen-loving or aerobic bacteria to become 
dominant. 
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The primary energy product of an anaerobic digester is a flammable gas. An anaerobic digester that is 
functioning properly will produce a gas stream that is 50-70% methane. The remainder of the gas will generally 
be carbon dioxide (COz), with small quantities (generally 0.1% or less) of hydrogen sulfide (H2S) gas and traces of 
other gases such as ammonia (NH3), hydrogen (Hz), and oxides of nitrogen   NO^)." The gas produced has an 
energy content of approximately 18,630-26,080 H/m3 (500-700 BTU/R~), which is approximately 50-70% of the 
energy content of pipeline quality natural gas.w 

2.4.1 Principles and Operating Conditions 

In general, there are three steps in the anaerobic conversion of the raw material to methane gas: 

hydrolysis of the animal or plant matter to materials that the bacteria can digest, 
such as sugars; 

the break-down of the sugars by bacteria to organic acids; and 

the conversion of the acids to methane gas, which is a by-product of the waste 
85 

conversion process. 

2.4.2 Anaerobic Digestion as a LDCSanitation and 
Energy Production System 

Anaerobic digestion has a long and complex history in the developing world, where it has been used for 
the past half century as a low-cost means to: 

separate out and dispose of human excrement and animal manure; 

produce a high grade agricultural fertilizer; 

produce household cooking fuel; 

generate shaft power for rural industry; and 

power household and village electriiication. 

Unlike many of the other waste-to-energy technologies that are discussed in this section, anaerobic 
digestion technology development and testing has been led by developing countries, chief among them India, 
China, and Brazil. While low in cost, anaerobic digestion is not necessarily simple. The living microorganisms in 
the digester substrate can easily be inhibited or killed by unfavorable conditions. The exact formulae for successll 
operation are often country- or feedstock-specific, which explains the wide diversity of models and designs that 
have been created from Nepal to Guatemala. India began its "gobar gasy'( as manure-based anaerobic digester gas 
is called there) program as early as 1939, and Taiwan began a large-scale program of gas generation from pig 
manure in 1955.~' The People's Republic of China launched a major campaign to promote small-scale rural 
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is called there) program as early as 1939, and Taiwan began a large-scale program of gas generation from pig 
manure in 1955.
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digesters in 1970, and countries such as Nepal, Korea, the Philippines, and Thailand have developed indigenous 
designs based on Indian and Chinese models. 

The spiraling rise of oil prices in the period 1973-1980 prompted a large increase in the number of 
anaerobic digestion installations worldwide, as rural development and energy planners sought means to generate 
energy for cooking and development activities while reducing dependence on imported crude oil and refined 
petroleum products. A recent survey described anaerobic digestion installations, research, and 
outreach/dissemination programs in 44 developing countries, demonstrating the breadth of the dissemination of the 
technology." 

Most of the anaerobic digesters installed in the past 25 years have been built locally by rural villagers for 
their own domestic or community use. As a result, there is no good current inventory of the number and type of 
anaerobic digesters currently operating in the developing world. One recent report estimated that slightly under 
6 million units had been installed, with 4.7 million installed in China, 1.2 million in India, 12,000 in the 
remainder of Asia, 9,500 in Latin America, and approximately 1,000 units in ~frica." The same 1993 survey 
found evidence of active anaerobic digestion programs in 53 countries, including 13 in Latin ~ m e r i c a . ~ ~  Because 
of the wide-spread indigenous development of anaerobic digestion technology, there are hundred of systems, some 
developed for a very particular waste stream (such as coffee pulp juice in Brazil). 

2.4.3 Basic Digester Types: Long Versus Short Residence Time 

In general, there are two basic sets of digester designs: 

rapid-throughput, intensively-managed, low-residence time digesters, developed to 
treat dilute liquid wastes and slurries from fWagricultura1 processing and sewage; 
and 

longer-residence-time, less-intensively-managed, higher-solids units designed to 
deal with manure, solid food wastes and other organic waste streams.g0 

Within these overarching categories, there are many available designs. We will focus on those which are 
used to produce energy in urban areas or which appear to have the promise to produce energy in urban areas at 
attractive costs. 
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In actuality, there is an even more fundamental distinction between digester design, based on the bacteria that live in the substrate and the 
temperature at which those bacteria thrive. Thermophilic bacteria live and multiple at elevated temperatures (1 13 - 150' F. or 45 - 65' C.), while 
mesophilic bacteria live and multiply at temperatures in the range of more ambient temperatures (68 - 1 13" F. or 20 - 45' C.). Since thermophilic 
installations are rarely found in developing countries, except in laboratory R & D installations, we will ignore thermophilic digestem for the remainder 
of this analysis except where it is specifically noted. 
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2.4.3.1 Long-Residence-Time, Less-Intensively-Managed, 
High-Solih Units 

A number of different varieties of high-solids digesters have been developed and installed in Europe and 
the United States for the treatment of industrial wastes, animal manures, and municipal solid waste. While the 
anaerobic digestion of MSW is more capital intensive than aerobic composting, it does have the considerable 
advantage of producing energy as a by-product. The yield of biogas is typically 10-200 cubic meters per ton of 
organic MSW feedstock, with the methane content of the biogas ranging from 55 to 70% by volume. After using 
some of the methane as fuel for the anaerobic digestion plant's heat and electricity requirements, the net electricity 
production fiom the combustion of the biogas is typically 100-150 kwh per ton of organic MSW feedst~ck.~' 

The commercial use of high-solids (30% or more solids) anaerobic digestors for MSW treatment has been 
restricted primarily to Europe. A French firm, Valorga, has installed eight anaerobic digestion plants in France 
that treat from 40-300 tons per day of mixed MSW. The first of these facilities was built in Amiens, France and 
became operational in October 1988. It treats 55,000 tons of household waste a year in three large (2,400 cubic 
meter) digesters. These systems have a retention time of 18-25 days, and produce 210-240 m3 of methane per ton 
of volatile dry matter. It is important to note that Valorga systems are dealing with source-separated MSW, and 
only receive kitchen waste and garden waste." There is also a Belgian company that operates a high-solids MSW 
anaerobic digestion process that is marketed under the name of DRANCO. 

There are numerous variants of the longer-residence-time, less-intensively-managed digesters, including 
covered manure lagoons (commonly used in the United States), below and above-ground reactors, or even 
bioreactor landfills (discussed below). Bacteria may be in contact with or dispersed throughout the material on 
which they feed through periodic stirring of the mixture, or be introduced as new material is introduced. The 
necessary bacteria-substrate contact may also be accomplished by circulation of bacteria-containing liquids through 
solid material (referred to as "packed bedsn.r 

Most of the anaerobic digesters that have been developed in the Third World for household or community 
energy production applications have been batch or semi-batch units. These are the longer-residence-time, less- 
intensively-managed systems mentioned previously. Figure 2.4 shows the Chinese domed digester. Typically, 
water and an organic waste product (commonly human or animal manure) are introduced into a single chamber 
through a water seal that excludes air and prevents the methane gas fiom escaping. The bacteria remain in contact 
with the substrate for anywhere from two weeks to several months, converting the raw materials and creating 
methane gas and carbon dioxide. In many systems, such as the batch system pictured, new waste feedstock is 
introduced periodically to one end of the system, forcing sludge and digestion by-products out the other end of the 
system. 
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FIGURE 2.4: SCHEMATIC DIAGRAM OF A CHINESE DOME DIGESTER 
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Fixed-dome, continuous-feed biogas plant, Maya Farms, the Philippines; 
Chinese design. (Source: Maramba 1979) 

Source: Supplement: Energy for Rural Development-Renewable Resources and Alternative Technologies for Developing Countries, Washington, 

D.C., National Academy Press, 1981 

2.4.3.2 High- Ptroughput, Intensively-Managed, 
Low-Residence-Time Digesters 

In a high-throughput digester, more rapid conversion of the organic waste to methane and carbon dioxide 
is accomplished by more intensive management. This commonly includes continuous mixing, close control of 
temperature, and attention to and optimization of other key factors such as pH. In certain designs of high- 
throughput digesters, the bacteria are stationary and concentrated in or on a support medium with a large surface 
area per unit volume of liquid. The dilute feedstock passing through the support medium presenting the bacteria 
with a constantly changing raw material which they digest and convert into methane and other by-products 
(principally carbon dioxide). The residence time of the wastes in the digester is short, ranging from a few hours to 
a few days. There are a number of different high flow anaerobic digester designs, such as the up-flow sludge 
blanket (UFSB), the anaerobic filter, and the expanded bed reactor, which have been developed to deal with a 
particular feedstock or dilute waste stream. 

High-throughput, low-residence-time anaerobic digesters are normally large and expensive, high- 
technology systems, both in terms of their initial capital costs and high operating costs (primarily due to the energy 
needed to continuously pump and circulate the dilute feedstock to maintain and control the bacterial contact). 
Despite these constraints, a large number of these systems have been installed in developing countries, primarily 
for the treatment of agricultural processing wastes (as will be discussed in Section 3.1.1). They are also being 
applied to the reduction of urban sewage sludge, an applications for which they have been used for many years in 
large developed-country sewage plants. 

Unlike the systems already discussed, high-throughput, intensively-managed high-flow anaerobic 
digesters are generally industrial clean-up technologies. They remove organic solids from waste water or from 
industrial liquid by-products. While they do produce energy (often in substantial quantities), this is generally a 
secondary consideration to reliably reducing the waste stream's BOD to a level which is acceptable to local waste 
water facility operators or local water disposal codes. 

One recent survey found a tremendous increase in the past ten years in the use of anaerobic digestion for 
industrial wastewater treatment. More than 600 vendor-built industrial-scale wastewater treatments are in 
operation or under construction. More than 75% of these are in food-processing industries, with the paper and 
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pulp industry the next largest grouping at 12%. These wastewater processing systems have been built throughout 
the developing and developed world, with a particularly strong presence in India and Brazil. Ofthe 599 
operational industrial scale units which have been built, 14% are located in India and the Middle East, while 
another 11% are in South ~ m e r i c a . ~  

2.4.4 Dispersed Versus Centralized Applications 

The literature on anaerobic digestion in developing countries mainly has focused on small, dispersed 
applications: the production of methane gas for household cooking or the powering of small engines for producing 
shaft power for remote, off-grid agro-industries such as rice-milling in Nepal and ~ndia.~' In this dispersed context, 
urban or peri-urban wastes are largely residential night-soil, which is digested in China and India in areas not yet 
served by sewage as a means to reduce fecal contamination and to provide energy for cooking. Massive 
promotional programs, coupled with financial incentives, led to the installation of millions of residential or 
neighborhood systems in the 1970s. In the past decade, the rate of installation of these small systems has dropped 
off sharply (once promotional programs were curtailed), except in India (where there are still major promotional 
programs in place). 

The characteristics of the collected-waste feedstock are critical to any waste-to-methane conversion 
process. In urban settings, residential, commercial and industrial wastes are normally gathered by municipal or 
private contractor waste-collection crews, ultimately arriving at dumping sites or landfills for disposal. Much of 
the combustible and recyclable material is efficiently removed from the waste stream, either by informal garbage 
"pickers" or by organized groups (such as the trash collectors themselves) who derive. substantial amounts of their 
income fiom waste separation and recycling. 

As a result, the remaining residential waste stream destined for the landtill can have characteristics that 
are desirable for a feedstock for a high-solids, long-residence-time anaerobic digester-including high moisture 
content and substantial fraction of highly digestible food wastes. Design problems for developing an anaerobic 
digester to operate on this MSW include the fact that the resulting waste is not particularly uniform fiom day to 
day, and may contain a variety of components and pollutants that interfere with the operation of the digester (see 
Section 2.4.5 for more discussion of pollutant problems). Problems with the use of conventional mixed tank 
digesters with this MSW include the substantial amount of waste size reduction needed, high parasitic energy 
usage, and cost. Problems, such as the high percentage of insoluble and inert material (typically rocks and dirt), 
may be accommodated by careful designs: i.e., screening the waste stream to remove inert solids prior to its use as 
an anaerobic digestion feedstock. Alternatives such as controlled landfills may also circumvent problems with 
inert solids. While the technical feasibility of municipal solid digestion has been demonstrated in a number of 
laboratory and pilot tests and it is being used in pilot plants in India today, there have not been long-term major 
efforts to covert MSW directly to energy through large scale conventional mixed-tank anaerobic digesters. 

Large anaerobic digesters are used in centralized urban applications today, primarily for the stabilization 
and reduction of the sludge produced by sewage treatment plants. Sludge digestion is facilitated by the fact that 
sludge contains necessary nutrients and does not need any further preparation for digestion. Digestion has been 
used in the United States and other industrialized countries since early in the twentieth century and is now the 
preferred method for sewage sludge treatment. Sewage plants in the United States also began to use the biogas as a 
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processing and potato processing also major users of the technology. See Sax and Lusk, oo.cit, figures 1 - 8, pp. 720-723. 
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fuel for powering engines to produce electricity as early as the 1930s.~ Digestion is now being adopted in larger 
cities of the developing world to reduce the volume of sewage sludge that has to be landfilled. 

However, in the early 1970s, engineers began to experiment with the use of anaerobic digestion to treat 
not just sewage sludge but the organic fraction of the MSW itself. The first large-scale "proof of concept" facility 
was built and operated in Pompano Beach, Florida, for five years, starting in 1983. Since that time, more than 20 
such high-solids digesters have gone into operation for the treatment of MSW and production of energy. Virtually 
all of these systems have been built in the Netherlands, France, Germany, Denmark, Belgium, and ~ u x e m b o u r ~ . ~ ~  
Unlike aerobic sewage treatment, these facilities have a net energy production of 100-150 kwh per ton of waste 
treated, and the largest such plants today can handle 95,000 tons per year.98 

2.4.5 Problems of c'Poisoning" the System 
in Urban Applications 

The bacteria in an anaerobic digester are in dynamic equilibrium with their surroundings, expanding in 
numbers as additional feedstock is introduced and decreasing in numbers when feedstock is used up or when 
conditions become less than optimal. As already mentioned, the methane generation process can be sensitive to 
upsets, which may occur for numerous reasons including changes in temperature, nutrient levels, feedstock 
variations, and contaminants. The most common "shock" may be from too-rapid feeding, which can lead to 
process imbalances and inhibition of methane generation. Anaerobic bacteria can be sensitive to common urban 
pollutants, such as heavy metals, pesticides, and industrial chemicals, and even small concentrations of these 
materials (measured in parts-per-million) in incoming feedstock may disrupt the balance of the system and stop the 
process of gas generation. 

This sensitivity is an important design consideration when dealing with urban wastes in developing 
countries-particularly wastes that come from a variety of sources and not from just one facility (such as an 
agroprocessing plant or a single livestock enclosure). Hazardous and toxic materials, such as batteries, industrial 
effluents, and lead-based paints, are routinely disposed of in regular trash in large LDC urban areas. Unregulated 
dumping is rampant, particularly of industrial wastes. If significant quantities of concentrated pollutants were to 
enter an operating anaerobic digester, they might well kill the microbes. This would disrupt the system until it 
could be pumped out, cleaned of pollutants, and restarted with fresh feedstock and bacteria. 

2.4.6 Current Uses for the Methane Gas Produced 

The medium-quality gas produced by an anaerobic digester can be flared; burned directly as a cooking, 
industrial process, or boiler fuel; burned in a modified diesel or natural gas engine to produce shaft power; or 
burned in a engine or boiler to produce electricity. 
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plants. Large natural gas or modiiied diesel engines are generally used, with the electricity being used mostly at 
the fadplant  or sold to local electric utilities.% 

Large sewage treatment plants throughout the world have also used reciprocating engines to burn the 
biogas to produce electrical power, normally used within the plant for aeration and other aspects of an activated 
sludge wastewater treatment system. This energy production can be substantial. For example, the Hyperion 
Treatment Plant of Los Angeles handles wastewater from four million people. Starting in 1951,220 tons of biogas 
(approximately 200,000 cubic meters) were recovered daily from this plant, providing the fuel for engine generator 
sets. These biogas engines have a power output of approximately 15 M W . ' ~  

2.5 Large-Scale Composting of Urban Wastes 

MSW composting is the process of biologically decomposing the organic fractions of the municipal-solid- 
waste stream under controlled conditions. The microbes, fungi, and macro-organisms that contribute to this 
biological decomposition are generally aerobic or air-breathing. The process of breaking down the organic fraction 
is generally greatly accelerated by systematic turning of the material, which mixes the different components and 
aerates the mixture. The composting process takes from 14 to 180 days, and produces a pathogen-free material 
that can be used for potting soil, soil amendments (for example, to lighten and improve the soil structure of clay 
soils), and mulch. 

Composting has been undertaken by farmers and gardeners throughout the world for millennia as a means 
of recycling nutrients back into the soil. A mixture of organic materials is placed into one or more piles, and the 
natural microbial action will cause the pile to heat up to 48-65" C (120-150" F), killing most pathogens and weed 
seeds. A properly designed compost heap will reach 66' C within 6-10 days, and slowly cool off back to ambient 
temperatures as the biological decomposition is completed. Periodic turning of the piles speeds the process, and a 
proper carbonfnitrogen balance (carbon to nitrogen or C/N ratio of 20: 1) in the feedstock insures complete and 
rapid composting. The organic material from a finished pile is then plowed back into the garden or fields, adding 
organic matter, improving drainage, and increasing oxygen circulation to crop roots. 

In the United States, growing landfill space shortages and the high tipping fees charged by landfills have 
drawn attention to the high fraction of yard wastes in many urban and suburban areas served by municipal-solid- 
waste districts. Yard wastes account for 40% or more of the MSW volume during the summer and fall, or 
hundreds of tons of wastes per day for large urban areas. In Montgomery County, Maryland, 18% of the total 
waste stream is yard waste-7% being leaves, 6% grass clippings, and the remainder brush and wood.lo1 If this 
organic material could be separated out, treated, and sold, then the county or city could avoid landfill tipping fees 
of thousands of dollars per day and extend the lifetime of the landfill. Initially, planners assumed that the same 
biological processes that broke down the backyard compost heap would work on a much larger scale. All that was 
required was a separate pickup for yard wastes, a location for composting, and time for the biological processes to 
be completed. 
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However, the magnitude of the yard waste stream collected and the demands of the biological processes 
has meant that standardized systems had to be developed for large-scale urban composting. The turned windrow 
system is the technique most readily associated with the large-scale composting of yard and restaurant waste. A 
windrow is a pile that is generally 1.5-2 times as wide as it is high, with its length determined by the amount of 
material available. For example, a 180-ton windrow of mixed yard wastes is 1.8 m high, 2.4 m wide, 46.0 m long 
(6 ft high, 8 ft wide, 150 ft long). Windrows are generally placed parallel to one another, with enough room in the 
middle for power equipment to pass through. Large windrows in the United States are typically turned by 
machine, ranging from bulldozers to specialized, $185,000 mechanical turners that straddle the windrow. The 
large units can turn up to 3,000 tons per hour. Windrows are normally turned every second or third day initially, 
and then every 4-5 days as decomposition continues.lo2 Less frequent turning will mean a longer decomposition 
period. 

Large-scale composting operations have three requirements: sufficient land for the placement of the 
windrows, some means of turning the windrows regularly to speed the decomposition process and prevent any 
anaerobic conditions, and a market for the compost that is produced. Its economic viability is driven primarily by 
the disposal costs avoided, and in many U.S. cities the resulting compost is provided free of charge to those who 
are willing to come pick it up. 

Composting is used primarily to reduce the volume of organic material by bacterial action. In the case of 
the large yardwaste program in Montgomery County Maryland, composting of 69,615 m3 (91,000 yd3) of leaves led 
to an 85% reduction in volume.lo3 

In addition to yard waste and restaurant waste processing, composting is also extensively used in the 
United States and in Europe for reducing the volume of sewage sludge, employing somewhat Werent techniques 
than those developed for yard wastes. The sludge is generally mixed with a bulking agent (wood chips or the like) 
to open up pores in the pile to allow air to pass through. Covered static piles with mechanical aeration and little or 
no mechanical turning are generally used, in part out of concern with keeping the pathogens found in the sewage 
sludge contained . The high temperatures found within the piles, caused by the microbial activity stimulated by the 

1M 
abundant oxygen supply, kill pathogenic bacteria and greatly reduce the pile volume within 2-3 weeks. 

2.5.1 The U.S. and European Experience 

A number of U.S. localities have embraced large-scale composting. Some 1,400 municipal composting 
programs are currently operated in the United States, with 500 or more only being operated seasonally to deal with 
disposal of tree leaves.lO' In 1992,4.8 million tons of solid waste were managed by composting, and that figure is 
expected to jump to 10.5 million tons by 1997 as participation expands.lo6 This rapidly expanded composting is 
being driven, in part, by state and local initiatives to reduce additions to landfill. The State of California, for 
example, has mandated under the California Integrated Waste Management Act of 1989 that all communities in 
that state reduce landfill additions by 25% by 1995 and 50% by the year 2000. Such legislation is a powerful 
incentive to both recycling and composting programs. 
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Community composting programs are generally of two different types. The first are often called "source 
separated composting," where certain parts of the MSW stream are separated out by the home-owner or business 
operator for separate pick up by the city or private contractor. The focus is normally residential yard wastes and 
restaurant food wastes. Most urban composting programs prefer to mix grass clippings and leaves Wving a 
resulting excellent CIN ratio), producing a finished compost in 2-6 months. If the carbodnitrogen ratio is higher 
(as in the case of collection programs that primarily compost leaves), the decomposition process may take longer. 
These facilities generally create windrows of mixed yard waste, restaurant and grocery food wastes, waste paper 
and sometimes sewage sludge. These outdoor facilities can process up to 500 tons per day, as in the case of the 
Kent, Washington, facility, with the resulting compost being sold or given away as potting soil, soil conditioner (it 
adds organic matter to the soil and slows erosion), and an agricultural soil amendment. 

A more capital-intensive option for the composting of source-separated composting is a closed vessel with 
mechanical stirring and aeration. These are used primarily in urban areas with high land costs, where a large- 
scale, open-air composting system might be prohibitively expensive because of the land area needed. Wheelabrator 
Technologies, for example, operates 17 of their automated International Process Systems (IPS) facilities in the 
Unites States, producing 268,875 m3 (375,000 yd3) of compost annuallY.'O7 

The in-vessel systems produce a finished compost relatively quickly (14-21 days), resulting in much faster 
throughput of wastes per unit land area. There are also no problems with odors, leachate migration, etc. that can 
occur in an improperly managed open-air system The disadvantages of these high-performance, in-vessel systems 
are that they require substantial energy inputs to operate (for the turning, stirring, and aeration), are mechanically 
complex, and have high initial capital costs. There are currently none of these in-vessel systems operating in the 
developing world, although there is an enclosed, mechanical composting system of Japanese design installed in 
Bangkok (see Section 3.4.1 below). 

A third direction for U.S. urban waste composting, which is perhaps more applicable to the current waste 
streams of most urban areas of the developing world, is the composting of mixed MSW (generally after the 
plastics, newspapers, glass and metal have been separated out by the homeowner). The remaining MSW is then 
composted, either in enclosed vessels, in semi-enclosed facilities with mechanical stirring and aeration, or in 
windrows that are periodically turned. These mixed MSW composting facilities generally process 50-200 tons of 
MSW per day. A recent surveylo8 found 20 such facilities in the United States, and predicted a rapid increase in 
their usage as U.S. States mandate both source separation and composting as a way to reduce additions to over- 
burdened landfills. However, there are concerns that the compost produced in mixed MSW composting programs 
may be more likely contaminated with heavy metals and toxins (pesticides, etc.) than compost produced from yard 
waste programs. This may hamper efforts to sell this mixed MSW by-product for agricultural or horticultural 
applications. 

2.5.2 The Disposition an &or Sale of the Finished Compost 

The "marketing" of the finished compost is a major issue for municipal-solid-waste districts and private 
firms that are setting up source separated or mixed MSW composting operations. The problem is that the nature of 
the finished compost (its nutrient content, color, organic matter content, moisture content, heavy metal content, 
etc) are totally dependent on the raw materials that were composted and the composting methods used. Primarily, 
finished compost is used in agriculture, in landscaping, in plant nurseries, for sod production, for silviculture, and 
for retail sales of potting soil. Montgomery County, Maryland is able to sell all of its compost, which until recently 
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was derived exclusively from leaves, for $5.74 per cubic meter ($75.00 for 10 cubic yards). The compost is 
screened, to remove any rocks, sticks, or foreign materials, and then is sold primarily to landscapers. These sales 
are estimated to generate revenue for the county of $75,000-$100,00O/year. The greater financial benefits for the 
county, however, are in the landfill charges avoided. Because of the success of this program, which has been in 
place since 1984, Montgomery County is now expanding its program to include grass clippings as well as leaves. 

The big issue in all composting operation is whether or not there are contaminants present, particularly 
heavy metals. They are not normally present in yard-waste programs, but are often found in mixed MSW or in 
sludge from wastewater treatment plants. Heavy metals such as lead, zinc, chromium, and copper are of major 
concern, since they tend to concentrate as they move upward through the food chain. There is now movement in 
the United States and Europe to set standards for allowable concentration of these contaminants (as well as certain 
pesticides and herbicides) in compost in general, but particularly for compost that will be used in food 

For this reason, compost that is made with mixed MSW or composted sludge are often sold only for 
non-food production purposes, such as growing sod, trees, and reseeding of disturbed land near highway 
construction. 

2.5.3 Impacts of Composting on Rate of Additions to LandJills 

In the United States, paper products, yardwastes, and food wastes make up around 62% of the municipal 
waste stream."' By separating out even a small part of this fraction and composting that portion rather than 
depositing it in the landfill, an urban community in the United States can greatly reduce its landfill additions. As 
already mentioned, composting of yard wastes, food wastes, and mixed MSW is projected to reach 10.5 million 
tons by 1997. If we use the minimizing assumption that garden waste put into a landfill has the same density as all 
landfill materials or 320-400 kg/m3 (20-25 lb~ft~)~",  then 21-35 million cubic meters (0.84-1.05 billion ft3) of 
landfill space will not be required in the United States each year due to composting. 

2.5.4 Application to Developing Country Settings 

Composting would seem to be a cost-effective, technologically-appropriate solution to urban residential 
wastes in many developing countries. From an urban planners perspective, the great advantage of composting in a 
developing country setting is that a very 'large fraction of the MSW collected would be not deposited in an open 
dump or landfill. As can be seen from the information presented in Table 1.2, over 50% of the urban residential 
solid waste in countries such as Malaysia, Indonesia, and Mexico is food waste. This fraction, combined with the 
organic material contained in the paper, fabric, leather, and cardboard MSW fractions, would readily decompose 
and degrade in a well-managed composting system. The volume of waste would be reduced by 50-90% by the 
microbial action, and the resulting product would be usable for a variety of purposes. 

Composting is currently widely used in large developing countries today to reduce the volume of primary 
sewage sludge from wastewater treatment plants. This is standard practice throughout the world as a means to 
reduce the costs of sludge secondary and tertiary treatment. 

A number of developing country urban areas have also considered the creation of substantial composting 
programs to deal with the urban residential wastes. Because of the high organic content of collected urban wastes, 
and because trash pickers and trash collectors remove many of the valuable but non-biodegradable constituents 
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2.5.3 Impacts of Compo sting on Rate of Additions to Landfills 

In the United States, paper products, yardwastes, and food wastes make up around 62% of the municipal 
waste stream.

110 
By separating out even a small part of this fraction and composting that portion rather than 

depositing it in the landfill, an urban community in the United States can greatly reduce its landfill additions. As 
already mentioned, composting of yard wastes, food wastes, and mixed MSW is projected to reach 10.5 million 
tons by 1997. If we use the minimizing assumption that garden waste put into a landfill has the same density as all 
landfill materials or 320-400 kglm3 (20-25 Ib/ft3)111, then 21-35 million cubic meters (0.84-1.05 billion ft3) of 
landfill space will not be required in the United States each year due to composting. 

2.5.4 Application to Developing Country Settings 

Composting would seem to be a cost-effective, technologically-appropriate solution to urban residential 
wastes in many developing countries. From an urban planners perspective, the great advantage of composting in a 
developing country setting is that a very large fraction of the MSW collected would be not deposited in an open 
dump or landfill. As can be seen from the information presented in Table 1.2, over 50% of the urban residential 
solid waste in countries such as Malaysia, Indonesia, and Mexico is food waste. This fraction, combined with the 
organic material contained in the paper, fabric, leather, and cardboard MSW fractions, would readily decompose 
and degrade in a well-managed composting system. The volume of waste would be reduced by 50-90% by the 
microbial action, and the resulting product would be usable for a variety of purposes. 

Composting is currently widely used in large developing countries today to reduce the volume of primary 
sewage sludge from wastewater treatment plants. This is standard practice throughout the world as a means to 
reduce the costs of sludge secondary and tertiary treatment. 

A number of developing country urban areas have also considered the creation of substantial composting 
programs to deal with the urban residential wastes. Because of the high organic content of collected urban wastes, 
and because trash pickers and trash collectors remove many of the valuable but non-biodegradable constituents 
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See Diaz et ai, op.cit., pg. 184 - 185 for current regulations on the composition of compost in the United States and Europe. 

110 
Sheehan, op.cit., pp. 57·58. 

III 
Rather than its nonnal uncompressed density of 64 • 80 kg/cubic meter (4-5 pounds/cubic foot). 
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(metals, plastics, heavy cardboard, plywood), composting appears to be a viable alternative for localities that have 
the considerable land area required for open-air composting. The city of Izmir in Turkey treats 500 tons out of the 
2,000 tons collected in the Uzundere Compost Plant, with the remainder being put into a sanitary landfill. 

Land availability for composting may be an issue in certain LDC urban areas. If we optimistically assume 
that in tropical areas open air composting with pile turning every other day or so takes a minimum of 2 1 days, and 
if windrows 2 m high by 2.9 m wide by 55 m (6 ft high by 8 ft wide by 150 ft long) are constructed, then an area 
roughly 100 x 55 meters (335 feet by 180 feet) or approximately 0.5 ha (1.25 acres) will be required to process 180 
tons of MSW per day.l12 If turning was done less frequently or in areas with cooler ambient temperatures, the 
required land area would be considerably greater. A city like Bangkok collects 4,700 metric tons a day, with 60% 
or more being potentially compostable, which would require large land areas if this much of the waste stream were 
diverted to composting. In most developing countries, unskilled labor is readily available for manual turning of the 
piles for all but the largest composting systems. The real challenge, as was learned in Bangkok, is to generate 
markets for the finished compost. The most likely large markets in most LDC major urban areas would be nearby 
farmers, gardeners, tree farmers, and animal rearing operations (that can use the finished compost for bedding). 

112 
Windrow density and size data based on Diaz et al, pg. 149. We have assumed that only eight feet is lefl between windrows, because most or all of 

the turning would be done by hand. If large earth-moving machines such as bulldozers or hnt-end loaders are used, there may be requirements for 
additional space for vehicle passage and turning. 
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3.0 TECHNOLOGY APPLICATIONS AND 
INNOVATIONS IN DEVELOPING COUNTRIES 

3.1 Mass Burn Combustion, Incinerator 
and Rotary Burner Units 

As has been discussed in Sections 1.4 and 2.5 above, the low energy content, high moisture content, and 
substantial inert fraction of many LDC urban waste streams, combined with little or no regulation of waste 
dumping, has limited the effective use of off-the-shelf combustion technologies for existing MSW streams. A few 
systems have been installed, as will be described in the case studies that follow. Those that have been most 
successful share the following characteristics: 

the MSW has a relatively high caloric value (often from plastics); 

the MSW collection process is tightly controlled by contractors or government 
agencies, so that relatively little scavenging of high-value products takes place; 

skilled local operation and maintenance labor is readily available; 

the local community has relatively little available land for landfills, and what there 
is expensive; and 

there is considerable local concern about environmental protection. 

The locations that fit these criteria, and that have had the best experience with MSW combustion, are 
primarily in the advanced economies of Southeast and East Asia. 

Since the beginning of the 1990s, there has been an increasing interest in incineration and mass burn 
technology throughout South, Southeast, and East Asia. China and India, in particular, have been discussing joint 
venture projects with European and U.S. firms. In some cases, the projects discussed include private financing and 
the production of electrical power. 

The following are brief descriptions of operating or planned thermal conversion projects that turn MSW 
into energy. The much more plentiful projects that burn agro-industrial wastes to produce power or electricity are 
excluded, since they are adequately covered el~ewhere."~ 

3.1.1 The Ban Pong, Thailand, Waste-to-Energy Plant 

In 1977, Westinghouse brought on line in Ban Pong, Thailand one of their Westinghouse O'Connor 
Waste Combustor systems, with a capacity of 264 tons per day of wastes burned. This system was designed to 
produce 1,131 kPa steam at 189" C (164 psi steam at 372" F). This was one of the first applications of this 
technology, which utilizes a water-cooled rotary combustor.'" This system was installed by W, Inc, a Japanese 
Westinghouse licensee, and has been operating successllly for 18 years. 

113 
See BEST project publications, Enerev fiom Rice Residues (Washington, D.C.: W i k  International Biomass Energy Systems and Technology 

Project for the U.S. Agency for International Development, March, 1990). and Industrial Energv and Electrical Power f3om Wood Residues 
(Washington, D.C.: Winrock International BEST Project for the U.S. Agency for International Development, June, 1991). 
I14 

Westinghouse Electric, "Westinghouse O'Connor Resource Recovery Technology," March 1993, p. 26. 

6 1 

3.0 TECHNOLOGY APPLICATIONS AND 
INNOVATIONS IN DEVELOPING COUNTRIES 

3.1 Mass Burn Combustion, Incinerator 
and Rotary Burner Units 

As has been discussed in Sections 1.4 and 2.5 above, the low energy content, high moisture content, and 
substantial inert fraction of many LDC urban waste streams, combined with little or no regulation of waste 
dumping, has limited the effective use of off-the-shelf combustion technologies for existing MSW streams. A few 
systems have been installed, as will be described in the case studies that follow. Those that have been most 
successful share the following characteristics: 

• the MSW has a relatively high caloric value (often from plastics); 

• the MSW collection process is tightly controlled by contractors or government 
agencies, so that relatively little scavenging of high-value products takes place; 

• skilled local operation and maintenance labor is readily available; 

• the local community has relatively little available land for landfills, and what there 
is expensive; and 

• there is considerable local concern about environmental protection. 

The locations that fit these criteria, and that have had the best experience with MSW combustion, are 
primarily in the advanced economies of Southeast and East Asia. 

Since the beginning of the 1990s, there has been an increasing interest in incineration and mass burn 
technology throughout South, Southeast, and East Asia. China and India, in particular, have been discussing joint 
venture projects with European and U.S. firms. In some cases, the projects discussed include private financing and 
the production of electrical power. 

The following are brief descriptions of operating or planned thermal conversion projects that turn MSW 
into energy. The much more plentiful projects that burn agro-industrial wastes to produce power or electricity are 
excluded, since they are adequately covered elsewhere.

113 
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In 1977, Westinghouse brought on line in Ban Pong, Thailand one of their Westinghouse O'Connor 
Waste Combustor systems, with a capacity of 264 tons per day of wastes burned. This system was designed to 
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Westinghouse Electric, "Westinghouse O'Connor Resource Recovery Technology," March 1993, p. 26. 
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3.1.2 Ulu Pandan, Tuas, and Senoko 
Waste-to-Energy Plants, Singapore 

The first large-scale MSW incineration system built in the developing world became fully operational in 
Singapore in July 1979. Using $25 million of loan funding from the World Bank, the Ministry of Environment of 
Singapore installed a 1,200 ton-per-day refuse incineration plant at Ulu  anda an."' It was designed to burn that 
island's relatively high energy content refuse (5,000 Mkg), initially using three Germandesigned incinerator 
units. Refuse is brought by truck to the facility and is dumped into a 2,400-ton capacity holding bunker. It is then 
lifted by overhead cranes to either a crusher (for large objects such as tree stumps) or directly into the feed hopper. 
The MSW slowly tumbles down a roller grate system within the furnace, being dried and burned as it moves. The 
heat fiom the burning MSW is used to raise steam in a water-wall boiler, with a superheater and economiser being 
also used to extract fixther energy fiom the flue gas as it rises in .the chimney. 

After initial success with the original Ulu Pandan system, a fourth incinerator unit was added at this site 
in 1982, bringing the capacity of the unit to 1,600 tons per day of MSW. The superheated steam produced in the 
four incinerator boilers is used to power a high-speed (7,500 RPM) industrial-type, back-pressure turbine, which 
drives a generator rated at 16 MW. This turbogenerator not only provides sufficient power for the operation of the 
Ulu Pandan incineration plant, but also feeds power to the main Singapore grid. Metal is also extracted from the 
clinker and ash that remain after combustion before it is disposed of in a landfill, with the scrap metal being sold to 
help finance the operation of the plant. 

Based on the success of Ulu Pandan plant, the government of Singapore commissioned and installed two 
additional large waste incineration units at Tuas and Senoko. The three plants collectively handle 73% of the more 
than 6,600 tons of refuse collected daily in the island country, with the remaining 27% being disposed of in the 
Lorong Halus landfill. These three plants also generate more than 110 MW of electrical energy, some of which is 
fed to the main grid for this island-nation. Key details of this highly successful set of waste-to-energy plants are 
provided in Table 3.1. 

111 
The following information is largely drawn fiom "The Ulu Pandan Refise Incineration Plant," (Singapore: Ministry ofthe Environment, 1982). 
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3.1.3 The Taiwanese MS W Initiative 
The Government of Taiwan has launched an unprecedented initiative to upgrade all  of environmental 

protection and waste treatment facilities during the 1990s. Drawing upon its huge foreign currency reserves, the 
government has announced plans to install water treatment facilities, landfills, and solid waste combustion units. 
Municipal solid waste is a particular problem because of the high rate of waste generation and lack of land suitable 
for landfills. In 1989, the Republic of China's (ROC) Environmental Protection Administration estimated that the 
daily waste generation on the island was 17,000 tons per day, and that it would grow to 29,000 tons per day by the 
year 2000."' In its current Six-Year National Development Plan, the ROC government has called for constructing 
21 incinerators and 78 landfills. The choice of incineration was dictated, in part, because the island nation is short 
of electrical power generation and landfill sites. 

Incineration Plant 

Commissioning Date 

Capital Cost (Sing $) 

Type of Incinerator & 
Boiler 

System Vendor 

Nominal Capacity 
WIday)  
Tonnes of Waste 
Incinerated in 1995 

Power Generation 

3.1.4 The Timarpur Waste Incineration Installation in New Delhi 

Ulu Pandan 

1979 

$130 million 

Rollergage System 
with natural 
circulation boilers 

Vereinigte Kesselwerke 
AG 

1,300 

424,000 

1 X 16 MW turbine 
generator 

Tuas 

1986 

$200 million 

Martin reverse action 
stoker wlnatural 
circulation boilers 

Mitsubishi Corporation 

2,000 

538,000 

2 X 23 MW turbine 
generators 

In the early 1980s, the Indian Commission on Alternative Energy Sources (later to become the 
Department of Non-Conventional Energy Sources, contacted the Danish firm Volund Miljoteknik AIS to determine 
if it would participate in a pilot waste-to-energy plant in New Delhi. After an initial feasibility study in 1982, it 
was determined by the Danish consultants that a small (300 tonslday) research and development waste incineration 
plant could be built, providing that higher quality waste was gathered from the more than 2,500 tons per day 
collected in New Delhi. In late 1984, a design and construction contract was signed between Volund and the 
government of India. The plant that was developed had two Volund 150-TPD rotary kiln incineration units, rated 
to produce 385' C steam and driving a condensing turbine. It was designed to burn waste that averaged 

Senoko 

1992 

$560 million 

Martin reverse action 
stoker wlnatural 

circulation boilers 

Mitsubishi Corporation 

2,400 

866,000 

2 X 27.6 MW turbine 
generators 
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The information in this table was provided by Low Fong Hon, Engineering Services Department, Ministry of the Environment, Govenunent of 

Singapore in personal correspondence dated January 31, 1996. Additional construction and operational details are available in brochures developed 
by the Engineering Services Department for the commissioning of each plant. 
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Shyanglai Kung, "Waste to energy potential and implications in Taiwan," in International Svm~osium on enerw. environment. and information 
management (Argonne, Illinois: Argonne National Laboratory, September 1992). 
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TABLE 3.1: SINGAPORE'S WASTE-TO ENERGY FACILITIESJ\4 

Incineration Plant UluPandan Tuas Senoko 

Commissioning Date 1979 1986 1992 

Capital Cost (Sing $) $130 million $200 million $560 million 

Type of Incinerator & Rollergage System Martin reverse action Martin reverse action 
Boiler with natural stoker w/natural stoker w/natural 

circulation boilers circulation boilers circulation boilers 

System Vendor Vereinigte Kesselwerke Mitsubishi Corporation Mitsubishi Corporation 
AG 

Nominal Capacity 1,300 2,000 2,400 
(MT/day) 

Tonnes of Waste 424,000 538,000 866,000 
Incinerated in 1995 

Power Generation 1 X 16 MW turbine 2 X 23 MW turbine 2 X 27.6 MW turbine 
generator generators generators 
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for landfills. In 1989, the Republic of China's (ROC) Environmental Protection Administration estimated that the 
daily waste generation on the island was 17,000 tons per day, and that it would grow to 29,000 tons per day by the 
year 2000.
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5,024 kJkg (2,160 BTUAb), with a moisture content of approximately 15%. The system was projected to produce 
3.7 MW. The plant was put into trial operation in March 1987, and operated for 8-10 hours per day during this 
shake-out phase. 

A number of major problems were encountered in this start-up phase. The first, and most serious, was 
that the waste that was available for the plant was very different in composition, moisture content, and energy 
content than that initially tested. Because of jurisdictional issues within the government of New Delhi, only wastes 
from Old Delhi were available. These wastes turned out to have a very high percentage of inert material, in the 
form of dirt, sand, silt, rock, and ashes, probably because they were produced by street sweepers on that district's 
largely dirt streets or because of the high fraction of wastes from wood-fired and dung-fired cooking. This resulted 
in a waste stream with a density of 500-1,000 kglm3, which is far above the design parameters. The energy 
content of the old Delhi waste was only 2,559 H k g  (1,100 BTUAb), much less than originally planned. 

There were numerous other difficulties. The local governmental agency responsible for the operation was 
not able to provide the staff promised for training in Denmark, so the Volund staff were forced to operate the 
facility rather than turning it over to Indian operators. Also, the quantity of waste required for full-time operation 
was not available, so the plant was often not operational. 

The Volund project is a casebook study of the problems of transferring even a proven waste-to-energy 
technology to a developing country setting. While some of the problems were technical, the vast majority were 
institutional and management failures. Despite agreement on the required composition of the waste required, it 
could not be delivered to the site for jurisdictional reasons. Permanent staff were not available for training. Even 
technical fixes (the Volund engineers recommended screening the incoming waste to get rid of the high sand, silt, 
stone, and ash content) were not easily done. Since the project was financed by a foreign donor (Danish 
International Development Agency), design changes could not be undertaken without amending the underlying 
documentation. 

3.1.5 The Kuala Terengganu, Malaysia, Rotary Kiln Plant 

In the mid-1980s, a U.S.-designed rotary kiln was installed in Western Malaysia, servicing the oil-rich 
coastal community of Kuala Terengganu. The kiln was designed by Universal Energy International (UEI) of Little 
Rock, Arkansas, and built by a local Malaysian partner Enercom Sd. Bhd, under contract to the State of 
Terengganu. The unit is designed to burn 100 tons per day of urban wastes. The energy content of the Kuala 
Terengganu MSW is estimated to be 5,800-7,000 kJkg (2,500-3,000 BTUAb), which is considerably higher than 
that found in many other developing countries. 

In the UEI system, partially shredded MSW is fed into a horizontal, refractory lined rotary kiln. The 
MSW fuel is tumbled and dried as it moves through the kiln. The fuel is then pyrolyzed and burned in an air- 
starved environment. The partially combusted gases are then fed into a secondary combustion chamber, where 
excess air is mixed in. This burning gas produces 340° C (650° F), 4,140 kPa (600 psi) steam in a watertube 
boiler, and is used to drive a condensing turbine generator rated at 1.5 MW electrical output. 

3.1.6 The Keputih Landfill Incinerator in Surabaya, Indonesia 

In 1990, a French-developed system for waste incineration was installed in Surabaya, Indonesia, on a trial 
basis. Effort was made to assess the environmental impacts of the systems, its appropriateness, and its applicability 
to other locations in the country. The technical assessment was done by Surabaya city officials, assisted by experts 
from the Institute for Study and Development of Technology (BPPT). The incinerator is located at the Keputih 
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landfill, is rated to handle 200 tons/day, and began operation in 1991. It was reported to be suffering from the poor 
quality of the mixed waste (wet waste and dry or recyclable waste). 

3.2 Landfill Gas Utilization 

The development of landfill gas projects in the developing world has been slow, due in part to a lack of 
funding by major donor agencies. Major multilateral lenders for energy development and waste treatment, such as 
the World Bank and the Inter-American Development Bank, have not yet found projects in this area that they find 
suitable for investment. This is partially due to the nature of solid waste management in many developing 
countries, since landfills in many urban areas are poorly designed and operated, with no impervious liners, no 
covering over the wastes, no controls on what is dumped or where it is dumped, and little or no control over the 
activities of scavengers on and around the landfill site. Despite this lack of external funding, there are several 
major urban landfill gas projects that are operational and several more in the planning stages in Latin America. 
This is due, in part, to the long experience in a number of countries in Latin America with the construction and 
operation of large sanitary landfills. 

3.2.1 Latin American Landfill Gas Projects 

A 1993 survey paper reported basic information on five operating Latin American landfill gas plants, four 
in Brazil and one in Chile. Five more are in the planning stages: four in Brazil and one in ~olornbia.'' What is 
both interesting and important about these facilities is that they have been operating successfully for 10-20 years, 
are indigenous designs, and are major energy producers. The reported landfill gas output ranges from an average 
of 5,500 m3 (194,000 fi3) per day over a ten-year period for the plant installed at the massive Caju landfill in Rio 
de Janeiro to 9,000 m3/hour (7.6 million ft3/day) for the La Feria landfill in Santiago, Chile. This landfill was 
started up in 1977 with a gas exploitation system already in place, and is currently in its most productive years. 

The gas extracted from these Latin American landfills is used as producer gas and supplied to nearby 
residents, or is upgraded to purer methane and used to power inner-city vehicles. In Rio De Janeiro, Brazil, 253 
vehicles are operated using upgraded landfill gas. In Santiago, Chile, 7,500 of the 9,000 m3/hour of landfill gas 
recovered from the La Feria landfill is piped to the town gas plant.'20 There is no information about any electrical 
generation facilities at any of these landfill gas operations, but the printed information is sketchy. However, the 
one current survey of Latin American landfill gas plants estimates that they produce 88 million m3 per year, 
displacing approximately 76,000 tons of imported oil.12' 
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3.3 Bioreactor Landfill Projects 

3.3.1 BraziZian Bioreactor Landfill Units 

States and municipalities in Brazil have designed and built several bioreactor landfills, including a large 
system in Salvador, a port city in the Northeastern Brazilian State of Bahia. Because as much as 60% of 
residential wastes in Brazilian cities are organic material (primarily food wastes, as well as leather, textiles, paper, 
and yard wastes), the bioreactor design works well. Operators claim that waste volumes in a cell drop by 50% in 2- 
3 years, and that the cells can be emptied out and refilled every three years. Once the biostabilization is complete, 
the remaining material in the cell is removed and screened. This screening yields three fractions: fine humus, 
plastics, and inerts. The fine fraction is generally land-applied, providing soil conditioning.lZ2 The plastics are 
normally burned, providing process energy, and the inert fraction is set aside to be used for coverings for 
subsequent cells as they are being filled. 

Energy recovery was not a major consideration in the design of the initial bioreactor systems in Brazil. 
None of the current bioreactor systems are using the landfill gas that is being produced: they are simply flaring it 
(i.e., burning it as it escapes), or releasing it unburned into the atmosphere. The World Bank and other donor 
agencies are expected to promote landfill gas recovery systems in any future bioreactor systems that they help 
finance or in the upgrading of existing systems in the future. Not only would a landfill gas recovery system 
provide much needed energy (for power generation or industrial boilers) and revenue, but it would help minimize 
the atmospheric release of methane. 

3.3.2 The Proposed Lahore Energy Cell Landfill 

Using funding from the Global Environmental Fund, the government of Pakistan is exploring the 
possibility of installing an "energy cell" bioreactor in a new landfill in Lahore. As of late 1994, a conceptual 
design for the system has been developed, using a Swedish bioreactor design. Each cell of the proposed system 
will contain approximately 250,000 tons, with 8-12 cells eventually being constructed. The system has been 
redesigned not only to accelerate the rate of waste decomposition, but to capture and use the methane gas that is 
produced as a by-product of the decomposition. This will provide a large amount of useful energy for Lahore, 
while greatly reducing the release of highly-reactive methane gas into the atmosphere. After 4-5 years, each cell 
will be emptied and the remaining wastes recycled into useful by-products. The emptied cells will then be refilled 
with MSW and the cycle will begin over again. The government of Pakistan is currently planning to invite 
private-sector participation in the construction and operation of the Lahore energy cell landfill, with the private- 
sector partner recouping part of its investment in the facility through the sale of the landfill gas and the 
biostabilized wastes. 
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hazardous and toxic wastes such as batteries are often mixed in with developing country urban wastes. If such contaminated humus was being applied 
to food crops, there may be a long-term public health problem, since lead and other heavy metals in food crops can bioaccumulate in human tissue and 
can contribute to a variety of health problems. 
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3.4 Anaerobic Digestion 

In the past two decades, there has been a proliferation of new applications for anaerobic digestion 
technology. A number of these have been oriented to rural energy production or to the treatment of dilute 
industriWagro-industrial wastes, and are therefore beyond the scope of this study. The Chinese and Indian 
Governments have been major innovators in the area of anaerobic digestion research, development, and application 
for the past 40 years. Much of this work has been focused on small household digesters that provide cooking 
and/or lighting fuel for a rural family for 8-12 months of the year.123 However, the experimentation that has gone 
on in more than 50 countries has yielded some interesting applications of anaerobic processes to processing urban 
wastes, both solid and liquid, to powering community electrification, and to providing power to small-scale 
industry. 

3.4.1 Latin American Sewage Sludge Treatment 

There has been an increasing use of anaerobic digestion in the developing world as a means to treat 
sewage plant sludge and to simultaneously produce energy. Marchaim reports that in Parana, Brazil, the local 
sanitation company has been treating domestic wastes through anaerobic digestion. They have built over 20 
community-scale plants, using a mixture of anaerobic designs: septic tanks, anaerobic filters, Imhoff filters, and 
Upflow Anaerobic Sludge blankets (UASB) units.'% These units are used primarily to produce biogas and to 
reduce the pathogen content in sewage sludge. This technology development effort is also being echoed in Sa6 
Paulo, Brazil, where a major effort has been reported to commercialize UASB systems for sewage treatment. Ni et 
al reported in late 1993 that full-scale UASB plants for wastewater treatment are already commercial in Brazil, 
with 18 firms supplying this technology. Five use technology imported from Europe, but 68% of the digesters 
built, accounting for 53% of the total volume, use indigenous Brazilian designs.lU Industrial and municipal 
anaerobic wastewater digesters in Latin America are estimated to produce more than 126 million cubic meters of 
biogas per year, replacing the equivalent of 108,000 tons of imported petroleum.126 

3.4.2 The Dar es Salaam Waste-to-Electricity Biogas Plant 

In mid-March 1994, the United Nations Development Programme and the Danish International 
Development Assistance (DANIDA) authorized $2.5 million and $1.5 million, respectively, to construct a pilot 
integrated urban waste treatment and waste-toenergy facility in Dar es Salaam, Tanzania. Under the umbrella of 
the Global Environmental Facility (GEF), this program seeks to reduce greenhouse emissions by substituting 
methane from anaerobic digestion for fossil fuels in the production of electricity. The plant uses a mixture of 
industrial wastes (from a brewery and from a neighboring slaughterhouse), household and market commercial 
municipal solid waste (diverted from additions to a neighboring landfill), and waste from several hotels as the 
feedstock for a large, high solids, stirred anaerobic digester. Approximately 30 tons of shredded solid waste and 20 
tons of liquid residues per day are added to 100 and 400 m3 pre-storage tanks, where they are stirred into a 
homogeneous, 10% solids slurry. The slurry is pumped periodically to two 800 m3 digester tanks, heated to 55' C. 
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The 6,400 m3 of biogas produced by the microbial action in the anaerobic digesters is drawn off from the top of the 
tanks and used as fuel in four gas-engine generator sets, each rated at approximately 250 kW. At optimal 
operation, the generator sets produce 11,800 kWh per day. Approximately 1,900 kWh, or 16%, of this electricity 
is used at the plant for tank mixing and for operating pumps, with the remainder being fed as 11 kV electricity to 
the local electrical grid. Approximately 5% of the biogas is compressed to 250 bars of pressure and used as motor 
fuel for waste collection trucks and for the manager's automobile. After residing in the digester tanks, the 
remaining waste slurry is dewatered in a belt filter press. Both the resulting dewatered solids and the extracted 
liquid are trucked to nearby farms, where they are used as crop fertilizers. 

3.4.3 UNDP Pilot Program for Anaerobic Digestion of 
Indian Urban Industrial Wastes 

In mid-1994, the United Nations Development Programme (UNDP) authorized a grant of $5.5 million to 
the Indian Ministry of Non-Conventional Energy Sources to pilot test an array of high-rate anaerobic digestion 
technologies as a means to both treat various urban and industrial waste streams and to produce useful energy from 
the waste streams. This program was funded as a part of the larger World BanklGEF to reduce the production of 
greenhouse gases (in this case, methane from decomposing wastes). The 16 sub-projects initiated under the UNDP 
program are aimed at producing commercial-scale power plants, either aimed at providing electricity and process 
heat for a particular industry (i.e., leather processing. slaughter houses, pulp and paper plants) or to provide an 
urban energy source and waste stream reduction simultaneously. For example, in Pune there are plans to set up 
successively larger biogas plants for anaerobically digesting vegetable wastes from the local wholesale vegetable 
market. By 1997, it is planned to create a commercial-scale unit processing 150 tons per day of these wastes to 
produce biogas for local use. 

3.4.4 The Indian Anaerobic Digestion Program 

The massive Chinese biogas program described in Section 3.4.5 below is equaled in its scale and breadth 
of initiative only by the Indian biogas program, set up and run by the Ministry (formerly the Department) of Non- 
Conventional Energy Sources and by the participation of many of the individual state governments. A recent 
survey estimated that by 1986 over 642,000 anaerobic digesters had been installed throughout the country.12' 
However, the Indian program is fundamentally different from that in China in that it is primarily a program built 
around animal manure (particularly that of cattle) rather than nightsoil, household residues, or agricultural waste 
streams. To participate, a rural or urban household needs ready access to the manure of 5-6 cattle or oxen. Only a 
very small fraction (perhaps 1 in 20) of India's rural population, primarily the wealthier progressive farmers and 
landholders, have livestock holdings of this magnitude. Therefore, the Indian government has also focused on the 
creation of large, centralized community-scale digesters, which provide gas for lighting and cooking for a nwnber 
of households and community centers, power for machines such as flour mills, and electricity to community 
buildings and for individual households. 

We have a number of detailed accounts of large Indian community-scale anaerobic digesters. -Most of 
these operate on a mix of human nightsoil and cattle manure, are quite labor-intensive, and deliver the resulting 
biogas via pipeline to nearby households, small businesses, and community centers. In the late 1970s, the Bharatya 
Ago Industries Foundation installed a 340 m3 per day community anaerobic digestion system in the village of 
Uruli Kanchan. This facility used the dung from 600 cows in a nearby cattle-breeding operation. The gas was 
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used not only for cooking and lighting, but also to generate electricity and pump water.'= The community-scale 
digester system installed in 1986 in Hambran, in Punjab State, supplied biogas for 293 households, using four large 
digesters with floating drum covers to produce an average of 505 m3 per day. Besides the biogas, the rural families 
in Hambran also use dung cakes, fuel wood, and agricultural residues for cooking. Marchaim estimates that there 
were more than 250 such systems in operation in India by the late 1980s, with more than 20 in Punjab alone.12' 

There are two recurring problems that confront community-scale systems, particularly those designed to 
use animal manure as a feedstock. The first is insuring the collection and delivery of a steady supply of manure to 
the plant. This is labor-intensive work, generally requiring a paid, full-time staff. This is a particularly vexing 
problem if the cattle or swine are not confined but are moved from pasture to pasture. When in the late 1970s the 
United Nations Environment Programme installed a large Indian-style floating metal gasholder digester to provide 
gas to a modified enginelgenerator set in Pattiyapola, Sri Lanka, they neglected to consult with local citizens on the 
availability of animal manure. Since the animals in this small coastal community were rarely confined and often 
taken to distant fields for grazing, there was a shortage of manure for the power plant. As a result, manure had to 
be purchased from nearby farms and trucked to the digester site in order for it to operate. The second problem is 
insuring the long-term operation and maintenance of the system, particularly where an engine andlor generating 
plant is installed. Either community citizens who benefit from the facility have to be charged for the gas and 
electricity that they receive, with the funds being used to pay for spare parts and a local operator, or gas has to be 
provided to a local business that sells a service (such as rice milling or grain grinding) and generates revenue that 
can be used for system upkeep and repair. 

3.4.5 Indian Urban Waste Digestion 

Private Indian companies have recently become involved in the processing of MSW to produce energy, 
fertilizer, soil amendments, and other valuable commodities. The Bombay based Excel Corporation is currently 
processing MSW from the cities of Bombay, Ahmedabad, Chandigarh, and Bhopal. Indian press accounts indicate 
that Excel processes 500 tons-per-day of MSW, and converts it through the use of microbial cultures to 
"commercially saleable commercial fertilizer." Another company, Western Paques of Pune, is treating waste in 
Bombay and Pune to produce biogas and methane.lfO 

3.4.6 Chinese Community-Scale and 
Industrial Anaerobic Digesters 

Recent surveys estimate that 1.6 million small digesters were built annually in China in the late 1970s, but 
low quality control and erratic gas production led to as many as 50% of these being abandoned. After 1980, the 
rate of digester construction in China was slowed to 500,000 units per year, with these systems having a much 
higher (85%) utilization rate. As of 1992, there are an estimated 5 million family-sized fixed dome anaerobic 
digestion units in China with 6,8, or 10 m3 volumes.'31 Each unit in the southern part of the country is estimated 
to produce 300 m3 of biogas per year, while in North China the annual output is only 200 m3 per household system 
due to colder ambient temperatures. 
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insuring the long-term operation and maintenance ofthe system, particularly where an engine and/or generating 
plant is installed. Either community citizens who benefit from the facility have to be charged for the gas and 
electricity that they receive, with the funds being used to pay for spare parts and a local operator, or gas has to be 
provided to a local business that sells a service (such as rice milling or grain grinding) and generates revenue that 
can be used for system upkeep and repair. 

3.4.5 Indian Urban Waste Digestion 

Private Indian companies have recently become involved in the processing ofMSW to produce energy, 
fertilizer, soil amendments, and other valuable commodities. The Bombay based Excel Corporation is currently 
processing MSW from the cities of Bombay, Ahmedabad, Chandigarh, and Bhopal. Indian press accounts indicate 
that Excel processes 500 tons-per-day of MSW, and converts it through the use of microbial cultures to 
"commercially saleable commercial fertilizer." Another company, Western Paques ofPune, is treating waste in 
Bombay and Pune to produce biogas and methane.

l3o 

3.4.6 Chinese Community-Scale and 
Industrial Anaerobic Digesters 

Recent surveys estimate that 1.6 million small digesters were built annually in China in the late 1970s, but 
low quality control and erratic gas production led to as many as 50% of these being abandoned. After 1980, the 
rate of digester construction in China was slowed to 500,000 units per year, with these systems having a much 
higher (85%) utilization rate. As of 1992, there are an estimated 5 million family-sized fixed dome anaerobic 
digestion units in China with 6,8, or 10 m3 volumes.

l31 
Each unit in the southern part of the country is estimated 

to produce 300 m3 ofbiogas per year, while in North China the annual output is only 200 m3 per household system 
due to colder ambient temperatures. 
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However, what is more important for the urban waste-toenergy focus of this report, is that the Chinese 
have also installed 50,000 or more community-scale and industrial-scale digesters, oilen of the red mud-plastic 
variety which are used for community lighting, for limited electricity generation and for providing power for 
income-generating activities. In some cases, the community system provides the same household services as the 
smaller household units. In the community-scale facility located near Shenyang, biogas is piped to individual 
households through a 5.2 km pipeline network, and is used for cooking and lighting. Some of these community- 
scale systems are quite large: the biogas plant in Qianjin Farm utilizes 65 large biogas pit digesters, each of 50 m3 
capacity, to produce cooking and lighting gas to 720 farm  household^.^'^ Marchaim states that China currently has 
400 biogas power stations, collectively producing over 4,330 kW of shaft power for various applications, and 800 
large biogas electrical generating facilities that are used for producing 7,800 kW, providing electricity to over 
17,000 people.133 There are Chinese facilities that specialize in adapting diesel and gasoline engines to operate on 
biogas. 

The major problem with using centralized anaerobic digesters for power generation is that they generally 
only produce enough gas to operate a modified diesel generator set for 3-5 hours per day, with this output 
decreasing in the wintertime as ambient temperatures drop. This output is sac ien t  for evening household 
lighting and cooking, but normally must be supplemented by diesel power for the operation of energy-intensive 
operations such as rice mills, flour grinding operations, and cottage industries such as sewing cooperatives. 

The Chinese anaerobic digestion systems generally rely on one of three possible waste streams as 
feedstocks. The smallest household units, particularly in urban areas, use human excreta and household food 
wastes as feedstock, and function as much as a waste-cleanup technology as an energy source. Larger rural farm- 
scale and rural community-scale units use cattle and swine manure as key feedstocks, with human nightsoil as a 
very secondary additive. In large industrial and agro-processing settings, both dilute and high-solids food- 
processing wastes have been successfully used as feedstock for large anaerobic digestion systems of a variety of 
designs. In most of the industrial installations, the anaerobic digester is installed primarily as a low-cost waste 
treatment option, with the methane gas produced being an added bonus. The anaerobic digester greatly reduces the 
BOD and COD of the liquid waste streams such as distillery stillage, making it much easier for municipal water 
treatment plants to complete the task of water treatment before it is discharged in waterways or used for 
agricultural application. 

The mobilization of manpower in China to support the national biogas program has been substantial, 
covering the full range of activities from university research and development to village-level construction teams. 
In the early 1 9 9 0 ~ ~  there were more than 60 research institutes and 60 local biogas experiment stations, with a total 
staff of over 1,000 working on biogas research and another 10,000 involved in biogas extension work. Marchaim 
estimates that there are currently 8,500 village construction teams and 40,000 peasant biogas technicians that have 
been trained in digester construction and operation. At the end of 1984, there were 25 biogas offices at the 
provincial and municipal levels. The municipal biogas offices are mainly charged with creating digesters in urban 
areas to treat night soil, distillery wastes, slaughter-house wastes, dairy-farm manures, and other agricultural and 
agro-industrial wastes.13' 
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3.4.7 Nepalese Digesters 

In the early- and mid-1980~~ a major program was developed to promote the use of anaerobic digesters, 
both for rural family-scale systems and to power small mills. Most of these systems were patterned after the 
Chinese domed digester. It consisted of a cylindrical tank, sunk into the ground and capped by a domed concrete 
cover, which had one inlet and one outlet chamber. For a typical 10 cubic meter household plant, manure from 5- 
7 adult water buffalo or cattle are mixed daily with water and added to the inlet side. The retention time for the 
manure slurry is normally 20-30 days. 

A quasi-private company, the Biogas and Agricultural Equipment Development Company (better known 
as the Gobar Gas company after the Hindi world "gobar" for manure), was set up by Agricultural Development 
Bank of Nepal (ADBN), the United Mission to Nepal, and the Nepal Fuel Corporation. The Gobar Gas was 
responsible for more than 1,500 biogas plants through mid-1985, and virtually all of these were commercial sales 
with 7-year loans provided by the ADBN. 

The Gobar Gas Company was successful not only in selling household units, primarily as a means to 
reduce consumption of expensive imported kerosene, but also selling to entrepreneurs to drive small modified 
diesel engines to power small rice mills. Because these Indian-made diesel engines operate well as a 50% 
dieseV50% biogas mixture, the mill operator is able to save as much as $400-$600 U.S. a year in avoided diesel 
costs alone.lg5 The plants cost $600-$1,500 each, but this does not include the cost of the diesel engines or milling 
machines. 

In the mid-1980s, the AID-sponsored Appropriate Technology Unit in Pulsipur, Nepal experimented with 
and field-tested a number of low-cost anaerobic digestion units. These systems were mostly variations on a buried 
tunnel digester, using the soil as the walls of the digester and plastic sheeting under the roof to capture the gas 
being produced. The chief advantage of these designs was that they virtually eliminated the use of concrete, 
making them 50-80% cheaper than the similar-sized digesters produced by the Gobar Gas ~ o m ~ a n ~ . " ~  

3.5 Composting 

There has been little experience in the developing world in large-scale composting of municipal solid 
waste, whether source-separated or mixed. However, several very different approaches have been tried in major 
cities in Asia. In this section, we will examine briefly one that was relatively centralized and capital-intensive but 
land-conserving (Bangkok), and a highlydecentralized approach that relied on small entrepreneurs to develop very 
small but land-intensive composting operation as a sideline to their existing waste separation and recycling 
businesses. 

3.5.1 Bangkok Composting Program 

In the late 1970s, Bangkok instituted a sophisticated composting program, opening a total of six locations. 
The first four each included waste shredding and classification facilities, as well as five-story high "fermentation 
buildings."13' In the mid-1980s, the city of Bangkok also added a windrow barn with mechanical aeration and 
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turning, as well as an enclosed rotating drum composting facility. These facilities have a rated capacity to be able 
to accommodate 28% of the city's current waste stream.138 However, they have encountered a number of problems, 
ranging from equipment failures to a lack of spare parts, to a lack of marketing for the finished compost. As a 
result, 90% of the material sent to the composting facilities still ends up going into the Bangkok Metropolitan 
Administration's  landfill^."^ 

3.5.2 Jakarta Micro-Enterprise Composting Systems"" 

In the late 1980s, a joint 1ndonesid.S. team of researchers set out to determine the optimal system for 
creating and perpetuating composting of municipal solid waste in urban Jakarta. After some experimentation, they 
developed what they called Enterprises for Recycling and Compost Production (ERCPs). These are very small 
facilities, operated by private entrepreneurs, that not only produce compost but also process and sell the valuable 
portions of the municipal waste stream (glass, metals, paper, etc). Each ERCP processes approximately three tons 
of raw MSW per day, and from this can be produced 0.75 to 1.25 tons of compost per day. The actual composting 
cycle from receipt of the raw MSW to sale of the finished compost is about 54-60 days. The ERCP managers 
typically employ a very labor-intensive appproach to sorting the MSW, creating compost piles, watering and 
turning the compost piles, and screening the finished compost prior to sale. The layout of a typical ERCP facility, 
which is generally located adjacent to an existing small-scale recycling operation, is shown in Figure 3.1. 
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FIGURE 3.1: LAYOUT OF A TYPICAL SMALL-SCALE MSW 
COMPBSTING FACILITY IN JAKARTA 
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The research conducted by the joint 1ndonesianfU.S. team found that the four pilot ERCP facilities were 
successful, both in generating revenue for the o~nerlentrepreneur and for reducing the volume of MSW that would 
be landl~lled. The research estimated that two ERCPs in each of Jakarta's 260 local units would be able to handle 
20% of the city's current daily production of approsimately 5,000 metric tons of solid waste.l4' 
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4.0 THE ECONOMICS OF CONVERTING 
DEVELOPING COUNTRY URBAN 

WASTES TO ENERGY 

Economic analysis of energy technologies typically compare the cost of a unit of energy output 
(e.g.,$.042/kWh) or the cost to purchase a certain unit of energy ($2.00/MM BTU of natural gas). The stream of 
capital costs, financing charges, fuel costs, operation and maintenance expenses, and replacement parts are 
generally discounted over time and divided by the energy output or the amount of energy contracted for to 
determine the unit cost. 

Such an approach is difficult to undertake in waste-to-energy systems, particularly in situations where 
there is no monetized cost for the actual disposal of the waste (either as an alternative to the WTE plant or for the 
disposal of the by-products of the WTE plant). In many cases in the developed and developing world, the fuel has 
a negative cost-the community or the individual homeowner will pay the hauler or the plant to take it, rather than 
having to pay the still larger cost for transporting it to a landfill. The economic viability of a WTE project is 
normally driven more by the value of waste disposal than by the value of the energy produced. 

Undertaking comparative economic analysis of alternative technologies for converting urban wastes to 
energy is difficult even in the United States, where wastes are relatively uniform, where waste collection and 
treatment is well controlled and orderly, and where utilities are required to purchase electric power produced by 
WTE plants. It is much more difficult to do such economic analysis in most developing countries, because: 

a large number of informal and formal economic factors can be involved in the 
collection, sorting, transportation, pre-treatment, energy conversion, and final 
disposal of urban municipal wastes; 

the composition and energy content of the waste can change drastically as it moves 
through the collection, transportation, and pre-treatment processes; 

the costs avoided (by not dumping the wastes in a landfill or open dump) for the 
wastes are often poorly measured; and 

the energy produced by the technology may not have a ready market value. 

Let us take the example of one household's wastes that are set out for collection in Bangkok, Thailand, a 
modern urban city with welldeveloped waste collection and disposal systems. Community-level or street-level 
waste pickers may extract items of value from this trash basket-probably plastics, cardboard, certain types of 
glass, metal objects, and any objects (fbrniture, clothing) that have potential resale value. The garbage collector 
(who may be a private contractor or a city employee) will then repeat the process of extracting valuable products 
from the waste basket. The wastes then will normally be transported to a landtill, where additional waste 
scavengers will take out parts of the waste stream that they find potentially useful. 

The energy content and value of this family's wastes has changed considerably during the collection and 
transportation process. Much of the high caloric value waste components (plastics, paper, cardboard, wood, 
textiles, etc.) may have been removed and recycled. The original energy and moisture content of the wastes in the 
basket will also vary month-to-month, depending on seasonal changes in diet and on rainfall levels. 

In the process of informal and formal waste separation that takes place in most developing countries, the 
energy content of the MSW decreases and the average moisture content increases. This change in composition-if 
it occurs-favors some waste-to-energy technologies (anaerobic digestion, landfill gas utilization, bioreactors) and 
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reduces the attractiveness of others (thermal combustion units). So we cannot just speak of the costs of an energy 
conversion technology, but of the total system that collects, transports, sorts, and converts urban wastes to energy. 

4.1 Benchmark U.S. Capital and O&M Cost for WTE Plants 

In the economic analysis that follows, we will try to create a benchmark for analyzing developing country 
systems by first examining large-scale WTE units in the United States. Much of this analysis will be based on a 
recent exhaustive analysis undertaken by SRI International for the U.S. National Renewable Energy Laboratory. In 
addition to reviewing the technology options, SRI examined the capital and O&M costs for installed commercial 
systems in the United States. They examined two types of mass burn systems (field erected and modular units), 
large-scale yard waste composting, and anaerobic digestion. In addition, they examined the costs of a large-scale 
sanitary landfill with landfill gas and leachate collection. 

The comparative capital and operational costs for these WTE systems is presented in Table 4.1. It is 
important to note that this table only summarizes the actual expenditure on these facilities. It does not address 
either the costs avoided (tipping fees not paid, cost of MSW not collected) or the revenue streams from the sale of 
process by-products (electricity sales from mass-bum facilities and from LFG power plants). 
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either the costs avoided (tipping fees not paid, cost ofMSW not collected) or the revenue streams from the sale of 
process by-products (electricity sales from mass-burn facilities and from LFG power plants). 
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TABLE 4.1: CAPITAL AND OPERATING COSTS FOR LARGE, COMMERCLAGSCALE 
U.S. MUNICIPAL SOLID WASTE-TO-ENERGY WACILITIES 

Sources and Nota for Table 4.1: 
4 
4 

All dollar costs are derived fhm SRI htemtional, Data Summary of Municioal Solid Waste Management Alternatives. Volume I: Report Text (Menlo Park, CA: SRI hternational for National Renewable 
Energy Laboratory, NRLEITP-431-49884 1992 except as noted. This report is abbreviated as SRI, Volume I and page for data on each teclmology are given below. For more detailed breakouts of 
individual plants, see SRI International, Volume II: Exhibits (ME W - 4 3  1-4988B) 

Mass-burn:$eld erected These are normally electricity production units only. SRI, Volume I, pg. 71 & Figures 5.2-5.5. 

Mass-bum: modular: Most U.S. modular units are steam production only. The ti- shown here are averages for both steam only and electricity only units. SRI, Volume I, pg. 71 and Figures 5.6-5.7. 
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rough estimate. SRI Volume X: Aoaendix H - Anaerobic Digestion of MSW, pp. H-32 - H-34. 
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Composting -- M W :  SRI Volume I ,  pp. 147 - 148. 
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243 
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100 
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$21,600-$73,540 
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$59.37 

$8.70 

$66.00 

Range ($/ton of 
MSW processed) 

$9.00-$48.00 

$21 .00-$42.00 

$12.00-16.00 

NIA 

$8.61-$8.80 

$30.00-$70.00 
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Landfill Operation/Gas Utilization: It is often difficult to separate capital costs from O&M costs for land-fills, since constructiOn nonnaIIy continues during the 20 year lifetime of the landfill. SRI Volume I, 
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4.2 Economics of Energy Production from WTE Systems 

It is clearly not enough, however, to look only at capital and O&M costs. Some of these systems are being 
considered primarily because they can produce very valuable commercial energy (electricity or process steam) in 
urban areas that are energy-short. Some technologies greatly reduce the volume of wastes that must be disposed of. 
Therefore, we must look at not only the capital and O&M cost of the systems but: 

the value of the energy produced; 

the value of the by-products produced (soil conditioners, fertilizer, valuable 
materials that have been sorted out and recycled); and 

the reduced cost of disposing of the wastes. 

It is important to remember that all of these costs are quite site-specific. The best we can do is provide a 
wide range of costs for each technology and for each size range. For comparative purposes, we have assumed that 
all systems have to dispose of 100 or 1,000 tons per day. Clearly landfill gas and bioreactors are conceptually 
different fiom combustion plants in that wastes have to be collected and landfilled before energy production occurs. 
Gas production continues after waste receipts stop. 

We will briefly look at four WTE systems: anaerobic digestion, landfill gas systems, bioreactor units, and 
mass-bum direct combustion units. In all cases, we will assume that the cost of transporting the wastes to the site 
is the same, and that the same informallformal waste scavenging outlined above takes place for each technology. 
About 5% of the waste volume is removed in transit, made up largely of metal, plastic, paper, cardboard, and 
glass. In Table 4.2 below, ranges of capital costs per unit energy produced are given for systems of 100 and 1,000 
tons per day of waste. Unless otherwise noted, the prices for systems are for units recently built in the United 
States, Japan, or Northern Europe, since there is very little good data on system costs in the developing world. 
Also, there are no operating anaerobic digestion systems that process either 100 or 1,000 tons of MSW in the world 
today. Therefore, the figures given below are for large industrial anaerobic digesters. 

TABLE 4.2: CAPITAL COST PER UNIT ENERGY PRODUCED FOR WTE SYSTEMS 
(MILLIONS %/IMW) 

It should be noted that the costs in Table 4.2 for anaerobic digestors are for large industrial mixed-tank 
units located in the United States. Smaller biogas-power electrical generating sets that have been built in LDCs, 
generally burning gas in a diesel engine that modified for dual-fuel operation, have capital costs that are only 10- 
20% of those quoted above. 

Technology/WasteStream Size 

Mass 

Landfill Gas utilization143 

Anaerobic ~ i ~ e s t i o n ' ~  

Bioreactor Units 

142 
g& p. 9. 

143 
Mahin, En- fiom Urban Solid Wastes, pg. 14. 

144 
Personal Correspondence, Donald Augenstein, Institute or Environmental Management, January 1996. 
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100 Tons Per Day 

$4.0-8.O/MW 

$1.6-2.5M 

$10.0-20.0M 

No Data 

1,000 Tons Per Day 

$3.1-5.0M 

$1.0- l .6M 

None Built 

No Data 
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4.3 Sale of Electricity, Gas or Steam 
to Urban Customers and Utilities 

It is dficult to compare the economic value of the output of different WTE technologies, since systems 
around the world are built and operated under very Werent conditions. The gas from a LFG operation can be 
burned to operate boilers, burned to produce electricity, upgraded to pipeline quality, or upgraded and then 
compressed to be used as a vehicle fuel. Prices paid for power or gas vary widely and, in a number of countries, 
local utilities are not obligated to buy power from private vendors. This major constraint to WTE construction is 
gradually disappearing in many developing countries, due to the privatization of power plants and to donor 
pressure on governments to entertain private initiative for power generation.14J 

All the WTE facilities that we are examining produce valuable energy products that can be sold. These 
include medium- or high-BTU combustible gases (biogas or LFG), steam produced by the combustion of the MSW 
or gases, or electricity. The value of the energy depends largely on what other fuels are locally available and at 
what price. 

In the United States, the construction of WTE plants of all types were accelerated by the passage of 
PURPA legislation, which mandated that electrical utilities had to buy electricity from cogenerators or small power 
generators at the avoided cost of power. As noted in Section 2.3.1.4, this provided a tremendous incentive for 
private developers to build WTE plants (particularly LFG facilities and mass-burn plants) in locations where the 
local cost of power generation was high. WTE project developers initially received $0.04-0.14/kWh for all the 
power that they generated, although recently local jurisdictions have lowered these power purchase prices or 
required that the cogenerator demonstrate that there is a need for the power before the local utility is forced to 
buy it. 

A modern 1,200-1,350 TPD WTE mass-burn plant in the United States today produces 32-36 MW gross 
or 28-32 MW net (after allowing for internal electrical use). If we assume that the plant operates with 90% 
availability and that the operators receive $0.05/kwh, then the power sales would yield $2.2-2.5 million per year. 

Large LFG facilities can produce electricity or boiler gas or both, depending on local demand and on 
relative prices for power or gas. The Pacific Lighting Energy System's Penrose LFG plant discussed in 
Section 2.2.5 produces 8.9 MW of power, and has a power availability of over 95%. Because of the favorable 
power purchase contract that PLES received in 1985 from Southern California Edison at the time ofthe project 
start-up, it is estimated that the operators receive over $1.4 million per year from power sales. 

4.4 Valuable By-products of the 
Waste-to-Energy Conversion Processes 

As has already been discussed at length, a number of valuable products can be removed from MSW and 
recycled or reused prior to putting the waste in a WTE facility. The most obvious are metals, including brass, 
steel, iron, and aluminum. Removing these lowers the weight of the MSW, increases its caloric content/volume, 
and facilitates processing. Removing these portions of the waste stream prior to WTE conversion also helps reduce 
the amount of waste that will be d e c t e d  by the WTE process and that will therefore later have to be disposed of. 

145 
For detailed information on country-by-country opportunities for private power generation, see the Business Focus Series of publications sponsored 

by the USAID Office of Energy and Mastructure. Titles include: Private Power Business Op~ortunities: The Caribbean and Rivate Power 
Business Omortunities: Central America 
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Other waste commodities that fall into this category include glass containers, rocks, dirt, and reusable material 
such as automobile tires. 

Certain of the waste-toenergy conversion technologies also produce by-products that are used by plant 
operators or that are sold to help finance the plant operations. These will briefly be discussed in the sub-sections 
that follow. 

4.4.1 Anaerobic Digestion 
The heat and high bacterial concentrations found in anaerobic digestion destroy pathogens and break 

down the physical structure of a number of waste components without greatly affecting their subsequent utility as 
fertilizers, soil conditioners, or animal feed. This is particularly important for human excrement and animal 
manures if they are to be used as food crop fertilizers. Human wastes that have passed through an anaerobic 
digester have low BODICOD levels, but still have approximately the same nutrient value as a plant fertilizer or soil 
conditioner. There is also evidence that the nitrogen contained in the digester efnuent is in a form that is more 
readily available to plants. Certain vegetable and animal wastes that have been processed in an anaerobic digestor 
can be used as animal feed, displacing up to 20% of the animal's normal diet. 

4.4.2 Landfill Gas Utilization 

The only by-products of landfill gas production are the results of scrubbing the gas for combustion in an 
engine or of upgrading the gas to pipeline quality. In the gas scrubbing, water vapor and hydrogen sulfide gas is 
removed and discarded. In upgrading LFG to pipeline quality, large amounts of carbon dioxide (typically 35-50% 
of the total LFG volume) is stripped out. This COz can be piped to nearby industrial or chemical facilities for 
utilization, although this is rarely done. To use the C02 in a chemical process would often require additional 
cleaning to remove trace gases and contaminants produced by the landfill. 

4.4.3 Composting of MS W and Yard Waste 

Composting not only reduces the volume of MSW and yard waste by 50-90%, but it creates a product 
that is highly valued as a soil conditioner, potting soil, and animal bedding. The major problem in many locations 
(particularly in the developing world) is that there is not a local market for the completed compost. 

Most research that has been undertaken on the by-products of large-scale composting of urban MSW has 
looked at U.S. programs based on either composted sewage sludge or source-separated yard waste-primarily 
leaves and grass clippings. Because of the relatively low levels of vegetative matter in U.S. garbage, the resulting 
compost typically has relatively low levels of key plant nutrients: nitrogen, phosphorus, and potassium (NPK). 
U.S. MSW compost has a nitrogen concentration (dry weight basis) of only 0.5-1.5%. These low concentrations 
are partially offset by the fact that the NPK is in a form that is slowly released and readily absorbed by plants. 
Moreover, despite limited utility of MSW compost as a plant fertilizer, Diaz et a1 points out that it does provide a 
number of valuable benefits to field crops, including: "favorable soil pH, higher crop yields, increased organic 
matter, increased cation exchange capability, enhanced supply of plant nutrients, and increased water retenti~n."'~~ 
Compost also reduces the solubility of synthetic NPK fertilizer, increasing the efficiency of nutrient use by the 
plants. 
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Diaz et al, gp&, p. 176. 
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While U.S. MSW is relatively low in plant nutrients, compost produced from urban MSW in developing 
countries has higher value as fertilizer due to its higher NPK concentrations. Studies have shown that MSW 
compost in Silo Paolo, Brazil, has nitrogen concentrations of 2-4%, while that in Mexico City is approximately the 
same. This nitrogen level is actually somewhat higher than that of composted cattle manure.14' As long as the 
carbon-nitrogen level of the finished product is greater than 10: 1 and less than 20: 1, compost from LDC urban 
MSW is expected to make an excellent agricultural soil amendment and fertilizer. 

One major concern that will require more research is the concentration of heavy metals in urban MSW 
compost in developing countries and whether or not these metals are taken up by food crops when the compost is 
field-applied. There are two major possible sources for heavy metal contamination: discarded metals in residential 
trash (either in the form of materials such as car or drycell batteries or illegally dumped industrial and agricultural 
wastes), or street sweepings dust and dirt. In major cities where leaded gasoline is still in use, street dust and dirt 
often have very elevated levels of lead, deposited from the exhausts of passing cars and trucks. Since inert fines 
from street and residential sweeping can make up 10-35% (by weight) of the MSW in many Asian cities, concern 
about heavy metal concentrations may require that inert matter may need to be screened out prior to composting if 
the compost is to be used for application to food crops. 

Finished product from the composting of urban MSW or separated yard waste can also be used for a 
number of applications beside crop applications and soil amendment. The chief uses to date have been as potting 
soil, animal bedding material, and mulch. 

4.4.4 Thermal Combustion 

There are three types of potentially valuable by-products of thermal combustion of MSW: the non- 
combustible parts of the waste stream, the ash and clinker produced by the combustion of the MSW, and the flyash 
and particulates trapped by the air emissions cleaning systems. In most large "Material Recovery Facilities" or 
MRFs, valuable parts of the waste stream such as metals, glass, and newsprint are extracted during the waste 
preprocessing steps and recycled separately. In smaller or older mass-burn and incineration systems, however, 
metals may be extracted from the ash and clinker after combustion by magnetic separation and screening and sold 
to metal recyclers. The ash and clinker are typically landfilled, although there are many experiments underway to 
mix these waste products into materials ranging from road surfaces to cement. Reducing the volume of ash and 
clinker is particularly important for WTE combustion operators because local regulations often require that it be 
disposed of in specially constructed hazardous material landfills. This is quite expensive, and in the United States 
requires special handling and tracking of the material while it is being stored and tracked. 

In most developed countries, WTE combustion facilities are required to have extensive air pollution 
abatement equipment installed on the plant's smokestacks. Typically these include baghouse or fabric filters and 
dry scrubbers, and many larger units also have electrostatic precipitators.148 These air pollution control systems 
trap and remove large amounts of small particulates, generally referred to as flyash, from the exhaust gas stream 
before it is vented. Disposing of this flyash has been a major headache and expense for WTE operators, but in 
recent years there has appeared at least one applications for some of the flyash. This is flyash cement, where up to 
20% flyash is added into concrete in place of portland cement. The resulting mix is stronger and easier to work 
than traditional cement. Since the flyash is a waste product, the flyash cement is also cheaper to produce. 
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Ibid, pg. 109. 
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mix these waste products into materials ranging from road surfaces to cement. Reducing the volume of ash and 
clinker is particularly important for WTE combustion operators because local regulations often require that it be 
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In most developed countries, WTE combustion facilities are required to have extensive air pollution 
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dry scrubbers, and many larger units also have electrostatic precipitators.
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Experiments have been undertaken to mix flyash into a number of other building materials, but none of these have 
yet achieved wide-spread acceptance. 

Thermal WTE plants built in rapidly industrializing urban developing countries, such as Singapore, have 
typically adopted the same pollution abatement standards as those in Europe and the United States. However, 
many developing countries considering WTE facilities do not currently have pollution abatement requirements for 
power plants and industrial facilities. Major international bilateral and multilateral donors are now requiring the 
inclusion of such systems to qualify for either power sector or urban waste treatment loans. 

4.5 Operation and Maintenance 

Operation and maintenance requirements are a function not only of particular WTE technologies but also 
of the local waste stream and of the design of a particular facility. For example, urban residential wastes in many 
Asian countries have a high fraction of inert material-dirt, rocks, and dust. This material, if passed through the 
WTE facility, will produce increased wear on conveyors, grates, and all parts that come in contact with the waste 
stream. Alternatively, the incoming MSW can be initially sorted or screened to remove this inert portion of the 
waste stream, but this will require additional operational labor and create it own maintenance issues. 

In general, the operation and maintenance of WTE combustion plants and anaerobic digesters are far 
more critical than for land-fill gas or composting facilities. Staff training and technical skills will be far more 
important for these technologies, as will be a rigorous program of parts replacement, lubrication, and adjustment. 
The complexity of the operation of these systems, and narrow tolerances for certain subsystems, may create 
operational problems in certain developing country settings. This is particularly true if, as is often the case, 
operation and maintenance budgets are chronically underfimded. 

Moreover, any WTE (i.e., LEG and anaerobic digestion) plants that use internal combustion plants for 
power generation will have high maintenance requirements and costs. If the maintenance is neglected, as is often 
the case in LDC urban areas where skills are scarce and budgets restricted, then there may be serious impacts on 
plant output levels or equipment lifetime. For example, many large LFG plants typically feed the gas through 
dewatering and cleaning steps before sending it into large internal combustion engines to generate electrical power. 
If the condensate removal and other cleaning components are neglected, then the impurities entering the engine 
will reduce the time period before new pistons, rings, valve seats, or cylinder liners will be required. 

4.6 Reductions in Waste Disposal Costs 

As was discussed in Section 1.8, the economic viability of many WTE combustion plants in the United 
States is driven by the "tipping fees" that communities or waste haulers pay to the plant operator to dump the waste 
at the facility. This is particularly true for privately financed and operated "merchant plants." The WTE plant 
tipping fee is generally set just slightly below that charged by local landfills, making the WTE facility an 
economically more attractive alternative than the landfill for a hauler with a truckload of waste to dispose of. In 
the period 1982-1993, tipping fees in the United States jumped from under $lO/ton to over $561ton.'~~ In areas of 
the United States where many landfills have been closed in the past ten years and where landfill space is scarce, the 
tipping fee can be as much as $100/ton. If a WTE plant in that area sets its fee at $75/ton, it will save the driver of 
a 25-ton dump truck more than $600/load to bring his wastes to the WTE plant, while the operator of the plant 
receives $1,875 for each load dumped. This amount far exceeds the value of any recyclable materials extracted 
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from that 25-ton load, or the energy generated and sold from the combustion of that 25 tons of waste. If we assume 
that this waste has a relatively high-energy content of 10,500 kJkg (4,500 BTUAb), the whole truckload would 
contain 237 million kJ (225 million BTU) of energy. At the upper end of WTE plant operating efficiency, burning 
this 25 tons of waste might produce a net 15,000 kwh of power."0 At $.O5/kWh, selling this power would yield 
the plant operator $750. 

Tipping fees are uncommon at landfills in major urban areas in most developing countries. The 
governmental agencies that operate the landfills want to encourage haulers to use the landfill, not illegally dump 
the MSW to avoid the charge. However, governments do incur considerable costs in opening and operating a 
sanitary landfill. If a private operator sets up a WTE plant to reduce the rate of disposal in a landfill, it should 
receive fees from the government or private haulers that reflect the savings of the extended life of that landfill. 

IS0 
Assuming a maximum gross electrical output of 750 kWh/ton of waste, with 20% of the energy being used within the plant for operations. 
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5.0 GREENHOUSE GAS REDUCTIONS: 
LESSONS AND STRATEGIES 

The Intergovernmental Panel of Climate Change estimated that anthropogenic methane releases into the 
atmosphere in the 1980s accounted for 15% of the upward pressure on atmospheric temperature in the 1980s. 
They further estimated that the methane releases from landfills would increase from 30 million metric tons in 1985 
to 60 million metric tons by the year 2025, with some mitigation strategies, or to 71 million metric tons in 2025 in 
a business-as-usual scenario.lJ1 Landfill methane emissions would account for 10% of the total methane releases 
during this period. 

As alluded to earlier, there are two obvious strategies, then, to help slow the rate of growth of greenhouse 
gas emissions in the period 1995-2025, and WTE systems can play central roles in each approach. The first is to 
reduce or eliminate the creation of new landfills. This can be done by waste separation, with the organic fractions 
being composted or digested and the combustible fractions being recycled or burned. Raising the costs to 
consumers for disposing of wastes and to haulers to dump wastes in landfills will both reduce the rate of waste 
creation and create incentives for private actors to finance and build WTE plants. 

The second strategy is to retrofit existing landfills with LFG recovery systems or to convert portions of 
operating landfills to bioreactor systems with integrated gas recovery. This approach works well in LDC locations 
that have sanitary landfiills now, such as portions of Latin America and the Caribbean. The bioreactor concept is 
particularly attractive because of the high rates of gas recovery (which reduces the capital cost of the gas gathering 
and treatment equipment per unit of gas produced), the leachate recycling, the large waste volume reductions, and 
the rapid biostabilization of the wastes. 

There are several promising approaches that are receiving growing attention for their ability to produce 
energy from urban solid waste in the developing world that would directly reduce greenhouse gas emissions. They 
will be discussed in the sections that follow. 

5.1 Waste Combustion Systems 

Waste combustion systems, like LFG or biogas combustion systems, produce and release into the 
atmosphere C02 and NOx. This is a characteristic that they share with all power plants based on fossil fuel 
combustion systems, but on a much lower scale because of the significant biomass fraction in the waste. 

Like composting, the thermal combustion of MSW keeps the wastes out of the landfill. In so doing, it 
prevents the creation of methane in the anaerobic conditions that prevail in most urban landfills. A 1,000 ton-per- 
day WTE facility, operating at optimal efficiency, can handle 320,000-350,000 tons of waste per year. If that 
waste had been landfilled, it would have produced 1.28-1.75 million cubic meters of landfill gas each year for 10- 
20 years. Assuming that the gas was 50% methane and 50% COz and that gas production was only for 10 years , 
then one year's operation of that WTE plant would have prevented the release of 6-9 million cubic meters of 
methane and a similar amount of C02. The IPCC estimates that the climate change gas emissions, in C02 
equivalents, is 3-5 times higher from landfills than from waste combustion or incineration of the same quantity of 
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5.2 Landfill Gas Utilization 

Landfill gas (LFG) recovery presents another major opportunity for methane mitigation and thus for a 
positive contribution to reduced climate change. Approximately 27-50 kg (60-1 10 lb) of methane gas per ton of 
wet waste is produced in a typical landfill during its first 20 years of life. In a LFG project, much of this gas is 
captured and burned. In landfills without energy recovery, this methane migrates to the surface, where it either 
escapes into the atmosphere or, in many developing countries, feeds one of the fires that often smolder for years at 
urban landfills. 

Landfill gas recovery is a proven and cost-effective means for reducing methane emission into the 
atmosphere while providing additional urban energy sources for electrical power generation, cooking, and vehicle 
transportation. Converting landfill gas into power by combustion does release carbon dioxide in the combustion 
process more rapidly than would have happened in natural decomposition, but that problem is more than offset 
severalfold by the reduction of the atmospheric release of methane. If we assume that 10% of the 40 million metric 
tons of landfill gas releases of methane can be captured and converted into useful energy, then the equivalent of 
80-100 million metric tons of C02 emissions will have been offset in the process. 

Landtills worldwide are estimated to currently produce 40 teragrams (40 million metric tons) of methane 
each year. This is approximately 7.5% of the methane produced and released each year into the earth's atmosphere 
by all natural and anthropogenic sources.153 The combustion of landfill gas will have a direct and positive impact 
on climate change gas emission. The net effect is the reduction of 19-29 C02 molecules by burning one landfill 
gas methane molecule. If we assume, based on U.S. averages, that 1 MW of generation requires approximately 
16,950 cubic meters (600,000 cubic feet)/day of 530 kJ (500 BTU) gas to operate, then the 300 MW of installed 
U.S. systems and the planned British systems will burn 5.1 million cubic meters (180 million cubic feet) and 
820,000 cubic meters (29 million cubic feet) of 50% methane gas each day, respectively. This is the equivalent, in 
terms of climate change reactivity, of 24 million cubic meters (836 billion cubic feet) of carbon dioxide per day. 
Put another way, the 209 million cubic feet of landfill gas recovered each day in the United States and the United 
Kingdom reduces greenhouse gas emissions into the atmosphere by the equivalent of 46,000 tons of carbon dioxide 
per day.lS4 

While less obvious than methane and carbon dioxide, landfills also produce more than 200 other gases 
which are released into the atmosphere. Some, such as the non-methane reactive organic gases (ROGs), are also 
major sources of ground-based ozone. The South Coast Air Quality Management District, which services the 
greater Los Angeles area, noted that without landfill gas controls or collection, the ten largest landfills in that area 
produce more than 18 tons per day of ROG emissions. With landfill gas controls, those emissions have dropped to 
less than 5 tons per day.lS5 
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Methane generation from landfills is primarily a developed country issue today, but this is projected to 
change rapidly in the next 40 years. The Intergovernmental Panel on Climate Change estimated that annual 
landfill methane release into the atmosphere in 1990 was 28-40 million metric tons, but that only about 6-7 
million tons of that amount was from developing countries. By 2030, the emissions will have risen to 35-55 
million tons, with much of the increase occurring in the urban areas of the developing world. IPCC experts 
estimated that landfill gas systems could capture 3040% of gas produced in  landfill^,''^ eliminating the release of 
12-36 million tons of methane (at current emission rates). 

Introducing landfill gas utilization in the developing world will have particular impact in the large 
countries that are major greenhouse gas contributors today, such as China, India, Brazil, and Indonesia. It has 
particular promise in countries such as Brazil and Malaysia that are trying to move from decentralized open urban 
trash dumping to large centralized sanitary landfills, since gas capture and utilization systems can be designed in 
from the start of new landfill facilities. 

5.3 Bioreactor Landfills 

Bioreactor landfills are designed from their inception as accelerated anaerobic decomposition systems 
operating to speed up the decomposition of the volatile organic fraction of the MSW. This has a potentially 
damaging impact, from the standpoint of climate change considerations, of possibly greatly expanding the 
emission of methane within the landfill. As noted earlier, U.S. sanitary l a n a s  typically produce 3-10 cubic 
meters of lan&ll gadyearldry ton of waste for a period of 20 years or more. In contrast, a welldesigned bioreactor 
cell produces 20-50 cubic meters (700-1,750 cubic feet) of gadyeadton of waste. This LFG is roughly 50% 
methane and 50% C02, both greenhouse gases. The methane is of particular concern because of its potency as a 
greenhouse gas (as well as for stratospheric ozone depletion.) 

This problem can be resolved by designing LFG recovery systems into bioreactors as they are being 
initiated or inserting LFG units when a bioreactor cell is being emptied. The World Bank is considering requiring 
gas recovery systems for future Brazilian bioreactor units at the onset or when existing systems are emptied and 
refilled. Well-designed gas collection units can capture 40-90% of the LFG that would otherwise be emitted, as 
well as allow its energy use. Wide-spread use of the bioreactor technology, coupled with LFG recovery, would 
help reduce the growing methane emissions in the developing world from landfills and provide much needed 
energy in urban areas. 

5.4 Anaerobic Digestion 

Anaerobic digestion is the one WTE technology that has undergone more applied research and site- 
specific (and feed-stock specific) adaptation in the developing world than in the industrial world. Upwards of six 
million anaerobic digesters have been installed in 44 developing countries, led by China, India, and Brazil. Large 
research, construction, and maintenance systems devoted exclusively to anaerobic digestion have been set up in 
several Chinese and India provinces, oriented primarily to household and community level systems using human 
and animal manure, along with household food wastes, as feedstock. 

Yet the anaerobic digestion of the organic fraction of MSW has taken place almost exclusively as bench- 
scale experiments in laboratories and research centers. A high-solids digester using MSW or a mixture of MSW 
and agricultural wastes has proved to be W c u l t  to operate and maintain even on a bench-scale. A few large-scale 
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MSW digestion systems (i.e., Dranco and ~a lo r~a , ' "  and other processes) operate in Europe using above-ground 
reactors. Large-scale anaerobic digestion of MSW has largely been restricted to sewage plants, where it is 
successllly and routinely used for reducing the volume and pathogen level of sewage sludge. 

Anaerobic digestion offers great potential for large-scale treatment of MSW with capture of the methane 
gas produced, particularly for systems operating from wastes drawn from poorer neighborhoods and from poorer 
countries where food and vegetative matter account for much of the residential wastes. In major urban centers, 
poor families are always a majority of the population, so finding sufficient wastes would not be a problem. 
Extensive waste pre-treatment will probably be necessary, both to remove inert materials that may poison the 
bacteria and to reduce the size of waste particles to speed up the digestion process. There are major technical and 
practice problems to be overcome in stirring the MSWjwater slurry, in keeping the digester vessel warm, and with 
maintaining gas production, particularly in colder Northern or mountainous climates. Based on experience in 
Europe, it is technically feasible to run high-solids digesters in the range of 50-100 tons per day, using MSW 
alone, or possibly a mixture of MSW and agricultural wastes, as a feedstock. 

One of the problems with high solids anaerobic digesters is that the required retention time to reduce and 
stabilize the substrate is often 2-45 days. This will increase the volume required and the initial capital cost to 
create the digester vessel(s). If we assume optimistically that 2 1 days residence time will be m c i e n t  and that the 
MSW remains the same volume when mixed with an equal volume of water, then we can see that the digester 
vessel will have to be very large. Using U.S. waste densities of 90-175 kg/m3, then each daily MSW load of 100 
metric tonnes would have a volume of 570-1,110 m3. The digester would require 12,000-23,300 m3 of volume for 
this limited retention time, which would be a plug-flow digester container 5 m deep, 20 m wide, and 120-230 m 
long. Alternatively, it would require 4-8 cylindrical tanks, each 20 m in diameter and 10 m high. If we use higher 
MSW densities more typical of developing countries of 250-330 kg/m3 for MSW, the plug flow digester would 
still have to be 5 m deep, 20 m wide, and 60-80 m long. Reducing the retention time drastically will be essential if 
the capital costs of such large MSW systems are to remain affordable. Other costs that need to be reduced are 
feedstock preparation, and final disposal of the solids that remain undigested in the liquid-solid slurry that passes 
out of the digester. 

Anaerobic digesters can help reduce the impacts of urban greenhouse emissions in two significant ways. 
First, the methane that is produced as a by-product of the decomposition of animal manure and human wastes can 
be captured in the digester, and burned as a cooking fuel, boiler fuel, or as a power plant fuel rather than being 
released into the atmo~~here.'~' As with LFG systems, C G  is produced during the gas combustion process, but the 
global warming impacts are one-third to one-fifth of what would have been produced had the wastes been 
landfilled and then allowed to produce methane gas without a gas recovery system. 

This is important primarily because methane is an extremely reactive gas in the upper atmosphere. 
Methane is a highly effective gas at trapping heat in the troposphere. Because of its infrared absorption profile, an 
incremental methane molecule will result in 20-30 times the heat trapping of an incremental C02 molecule.'5g 
Secondly, the combustion of a small amount of methane in an efficient furnace, stove or lamp can displace larger 
quantities of other fuels, such as coal, dung, firewood, or peat which are often burned in extremely inefficient 
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the remaining solids are deposited after being removed fiom the digester. 
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devices, with the corresponding larger greenhouse gas releases, as well as other pollutants (carbon monoxide, 
oxides of nitrogen, and various volatile organic compounds). 

Even moderate degrees of methane emission mitigation can have substantial climate change benefits, 
This is due to the high atmospheric reactivity of methane. The Intergovernmental Panel on Climate Change 
assesses methane's longer-term greenhouse potency as eight times greater than carbon dioxide on a molecule-for- 
molecule basis. Because of this high global warming potency, the mitigation of roughly 6-8 million tons per year 
of methane emissions into the atmosphere decreases the total annual increase in radiative forcing due to 
greenhouse gas build-up by approximately one percent. 

The significance which methane mitigation may have can been seen from an example. Let us take the 
example of cattle, which through their digestive tracts contribute an estimated 60-100 million metric tonnes (MT) 
of methane to the earth's atmosphere each year, while decomposing manure, in anaerobic conditions, can 
contribute another 65-100 million MT of methane as well.'& if wide-spread anaerobic digestion was able to 
capture even 5% of this total methane production of 125-200 million MT per year, it would result in a reduction of 
6.5-10 million MT per year. As was already noted, even this modest amount of anaerobic digestion would lessen 
the climate change problem by the order of one percent. 

5.5 Large-Scale Urban Composting 

As discussed earlier, landfills today are estimated to release approximately 40 million MT of methane 
each year into the atmosphere. The potential methane release will continue to grow, as landfills expand or new 
landfills are built, unless the rate of organic waste landfilling can be drastically reduced or landfill methane 
recovery increased. One low-cost way to reduce methane releases is to institute wide-spread composting of organic 
waste products. Since the decomposition process that takes place in compost piles is largely aerobic, climate 
change gases such as methane will not be produced as they would be in a regular landfill. If even 25% of the total 
waste generated worldwide could be successfully composted, then the release of 10-15 million MT of methane per 
year into the earth's atmosphere might be prevented. 
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6.0 SUMMARY AND CONCLUSIONS 

6.1 The Magnitude of the Waste Problem 

The population of the developing world is expected to more than double between the years 1990 and 2000. 
Much of this growth will be concentrated in the urban areas. By 2010, there will be 2.7 LDC urban dwellers for 
every individual in the developing world. While the waste generated by each of these individuals is modest4.2- 
0.9 kg (0.3-2.0 lb)/capita/day), the collective amount of waste will be staggering. By the year 2000, cities such as 
Manila, Bangkok, and Mexico City are projected to each produce 9,000-17,000 tons of waste per day. 

Collecting this waste and finding places to safely dispose of it wil l  be two of the most pressing problems 
for LDC urban governments in the next two decades. Converting it to energy or to other useful by-products (such 
as compost) will help reduce the volume of wastes to be handled, will reduce the land requirements for landfill 
creation, will help pay for the mounting cost of waste collection and disposal, and will reduce health risks. 

6.2 The Composition of the LDC 
Urban Waste Stream 

The composition of urban wastes is directly related to income levels. The poorest neighborhoods and 
countries have residential urban wastes which are much higher in food wastes and putrescent organic matter and 
lower in paper, cardboard, plastic, and other combustibles. The composition of residential wastes can also vary 
sigruficantly season-to-season, with fresh vegetable and fruit by-products being much more plentiful during and 
after the harvest seasons. As industrializing countries move into middle-income status, their waste streams 
change, primarily through the addition of higher percentages of plastics. 

Urban wastes in developing countries also undergo a great deal of informal and formal separation by 
curbside scavengers, by the waste collection crews, and by organized recyclers at the waste dump sites. Valuable 
components such as metals, cardboard, paper, glass, and textiles are routinely removed from residential trash 
before it reaches a central collection site or landfill. 

6.3 The Caloric Value of the LDC 
Urban Waste Stream 

MSW in developing countries normally has 2540% less energy value than wastes in the industrialized 
world. The wastes can have caloric values of as little as 3,350 kJkg (1,440 BTUAb), compared with 10,500 kJkg 
(4,500 BTUnb) in the United States. This is due both to consumption habits and to the source separation already 
mentioned. In many developing countries, particularly in Asia, a very high percentage of inert material (soil, 
rocks, ash, dust) from street sweeping also contribute to the low-energy content of the resulting MSW. The 
organized removal of cardboard, paper, and plastic further contribute to this low caloric value. 

6.4 The Moisture Content of the LDC 
Urban Waste Stream 

The water content of MSW in urban areas of developing countries is typically double that of the United 
States-reaching 50% of more for India and the poorest countries of Latin America. It may also be seasonally 
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higher-reaching 80% or more for areas subject to monsoon rains. The MSW moisture content in developing 
countries is often heavily influenced by environmental factors, such as relative humidity, rainfall, and temperature. 

6.5 The Applicability of Various Technologies to 
Waste-to-Energy Conversion in Developing Country Settings 

6.5.1 Thermal Combustion of Urban Waste 

Incineration, or mass burning, of MSW has been widely adopted in industrialized countries with limited 
landfill space and high land costs: Japan, Northern Europe, and certain parts of the United States. It has found 
only limited application in the developing world to date, in part because of the different composition of urban 
wastes in LDCs. Most WTE combustion systems are optimized for U.S. and European wastes, with their high 
fractions of paper, cardboard, and plastic. The high-moisture content of urban MSW in many developing countries 
requires considerable drying prior to the combustion process, while the low-energy content of the MSW does not 
always provide sufficient heat for substantial electric power or process heat generation. 

In a number of developing countries (particularly in South and Southeast Asia), MSW currently has a 
high fraction of inert matter-rocks, dust, ashes, and dirt. This material causes excessive wear on moving parts of 
WTE combustion systems and then has be disposed of with the ashes and clinker. The inert matter can be screened 
out prior to combustion, but this is an additional processing step, requiring considerable labor and equipment. 

Thermal combustion of MSW does appear to have considerable promise in the advanced industrialized 
countries of Asia. The waste streams in these countries often have a caloric value approaching that of European 
nations, primarily due to the high plastic fraction in residential wastes. These countries also have the trained 
manpower required to operate and maintain the complex subsystems for commercially available mass-burn and 
incineration units. They normally have centralized waste collection and processing systems, and have some 
control over the informal and formal waste source separation that routinely take place in developing countries. 
Countries such as Singapore, Taiwan, Korea, and Thailand have already demonstrated their ability to manage the 
collection process in a manner conducive to large-scale thermal combustion systems. 

6.5.2 Landfill Gas Utilization 

Landfill gas utilization has near-term application in the developing world: either where large sanitary 
landfills are already in place or where they are being planned. There are large urban sanitary landfills that have 
been in operation for 10-30 years in locations through Latin America (particularly Brazil), Southeast Asia, and in 
larger metropolitan areas elsewhere in the developing world. These can be costeffectively tapped for landfill gas 
for local power generation, for industrial boiler fuel, or even for fuel from urban transportation fleets. 

Urban areas in a number of rapidly industrializing nations, particularly in Southeast Asia, East Asia, and 
Latin America, are now planning large networks of modern landfills as part of a program for increased sanitation, 
decreased groundwater contamination, and protection of waterways from run-off. Designing gas recovery systems 
into these landfills will be a cost effective means to provide additional sources of energy, reduce greenhouse gas 
emissions, and reduce the danger of fires and explosion from methane gas release. In most cases, the gas could be 
used on-site to produce electric power or piped to near-by industrial estates for use as a boiler fuel. In the case of 
some large, remote landfills, the gas produced could be upgraded and added to existing pipelines. 
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6.5.3 Bioreactor Landfills 

Bioreactor landfills technology is still developing, and is not yet widely applied in the developing world. 
With the exception of the United States and Brazil, technology has not been widely tested, much less used on a 
commercial basis. However, it appears to have enormous potential for the developing world, particularly where 
energy supplies are scarce. Very high rates of gas production--from two- to five-times or more the rates with 
conventional land6lling-and completion of the gas generation in a five- to ten-year span, should make gas 
recovery more economical than conventional landfill practice. In addition, since each cell of the bioreactor can be 
emptied and refilled every 3-5 years, the need for more land for additional landtills couId be greatly reduced. 

6.5.4 Anaerobic Digestion 

Anaerobic digestion has one near-term and one potential application in the developing world. The near- 
term application is reducing the volume of sewage sludge from urban water treatment plants. The potential 
application is reducing the volume of wet, high organic content MSW (while producing methane gas) on a 
commercial scale (50-100 tonslday). Anaerobic digestion has already proved useful for power generation and 
waste disposal for small (1-2,000 inhabitant) rural communities, particularly in India and China, where the 
anaerobic digester is fed human excreta, animal manure, and food wastes as substrates, and produces gas for 
cooking and lighting, some limited power generation, and high quality fertilizer for agricultural production. 

Anaerobic digestion as a WTE technology appears to have greatest potential in countries that routinely 
process very wet organic wastes, that have MSW with a low caloric value, and that have seasonal environmental 
conditions that contribute to the water content of the MSW. 

Major issues that may limit the wide-spread use of anaerobic digestion in major metropolitan areas as a 
WTE technology are: the large capital and operating costs required to treat significant volumes of MSW, the need 
to carefully separate out any toxic wastes that might poison or interfere with the operation of the digester, and the 
need for close process control @articularly pH and temperature) to maximize biogas production. 

6.5.5 Large-Scale Composting 

Composting of urban residential wastes has great potential to reduce the volume of urban wastes in 
developing countries with largely organic MSW. Although composting does not produce energy, it has the 
considerable advantage of not requiring large capital expenditure or trained skilled labor. Composting can reduce 
the volume of the organic waste fraction by 50-90%, with the finished compost being used for soil amendments, 
potting soil, or landscaping rather than being put into a landfill. 
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